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ABSTRACT 
 
The growing demand in portable and compact consumer devices and 
appliances has resulted in the need for the miniaturisation of electronic 
components. These miniaturised electronic components are sensitive and 
susceptible to damage by voltages as low as 20V. Electrically conductive 
styrenic thermoplastics are widely used in electronic packaging applications to 
protect these sensitive electronic components against electro-static discharge 
(ESD) during manufacturing, assembly, storage and shipping. Such ESD 
applications often require the optimal volume resistance range of ≥ 1.0x105 to 
< 1.0x108 Ω. The best known method to render styrenic thermoplastics 
conductive is by the incorporation of conductive fillers, such as carbon black 
but the main limitation is the difficulty in controlling the conductivity level due 
to the steep percolation curve. Thus the aim of this research is to develop 
electrically conductive styrenic thermoplastics by blending several styrenic 
resins with polymeric conductive additives to achieve optimal volume 
resistance range for ESD applications with the ease in controlling the 
conductivity level. 
 
The present research consists of two main stages. The initial stage of this 
study involved the investigation of the properties of blends prepared by 
blending 2 types of polymeric conductive additives: inherently conductive 
polymer (ICP) based on melt-processable polyaniline (PANI), and inherently 
dissipative polymer (IDP) based on polyether-olefin block copolymer (PEO-
PO) with a range of styrenic thermoplastics: polystyrene (PS), styrene-
butadiene copolymer (SB), styrene-acrylonitrile copolymer (SAN), and 
acrylonitrile-butadiene-styrene terpolymer (ABS). The PANI was effective in 
achieving the optimal volume resistance in non-polar PS and SB matrices at 
7.5wt% and 15wt% respectively. On the other hand, the presence of the polar 
acrylonitrile in the SAN and ABS caused the diffusion of zinc 
dodecylbenzenesulphonate (Zn(DBS)2) plasticiser from the PANI into the 
matrices and possibly changed the molecular conformation of PANI chain 
from a “expanded coil” to a “compact coil”, disrupting the formation of a 
conductive network. None of the styrenic/IDP blends evaluated were able to 
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achieve the optimal volume resistance due to the inherently higher volume 
resistance of IDP.  
 
The second stage involved the modification of IDP to improve its electrical 
conductivity by the addition of polyethylene glycols (PEGs). The incorporation 
of 20wt% low molar mass PEG was able to reduce the IDP’s volume 
resistance by about a decade. The modified IDP was subsequently blended 
with PS and SAN. The mechanical properties of the styrenic/modified IDP 
blends were affected by the processing method (compounding and direct 
injection moulding) and the addition of styrene/ethylene-butylene/styrene 
(SEBS) block copolymer as compatibiliser was able to improve the toughness 
of the blend without affecting its volume resistance.   
 
Keywords: electro-static discharge, percolation, Inherently conductive 
polymer, inherently dissipative polymer, conductive polymer, melt processable 
polyaniline, polyether-olefin block copolymer, polystyrene, styrene-butadiene, 
styrene-acrylonitrile, acrylonitrile-butadiene-styrene, polyethylene glycol, 
styrene/ethylene-butylene/styrene.  
  
 
 
iii
ACKNOWLEDGEMENTS 
Foremost, I wish to express my sincere gratitude to my supervisor, Professor 
Marianne Gilbert, for her invaluable guidance, support, patience, and 
motivation throughout the course of this research.  
 
My very special thanks to my company research supervisor, Dr. Frederick 
Axtell, and my mentor, Dr. Henry Lim for their great help, inspirations, 
suggestions, and encouragement.  
 
I am very grateful to my company, Clariant (Singapore) Pte. Ltd. and Mdm 
Gladys Soh, LBL Manager (Masterbatches) of my company for giving me the 
opportunity to pursue my doctoral degree. 
 
My sincere appreciation to Chee Keong, Derrick, Alfie, Chi Wei, Wan Thai, 
Peng Yeow, Gaun Joo, Xander and Dr. Angelica Marson for their great 
assistance and support. .  
 
At last, I am very thankful to my family, particularly my wife, Ellna for their 
great support, encouragement and understanding all these years.   
 
iv 
 
TABLE OF CONTENTS 
 Page 
ABSTRACT  i 
ACKNOWLEDGEMENTS  iii 
TABLE OF CONTENTS  iv 
  
CHAPTER 1: INTRODUCTION 1 
1.1    Conductive fillers 2 
1.2    Migratory conductive additives 3 
1.3    Polymeric conductive additives 4 
1.3.1 Inherently conductive polymers (ICP) 4 
1.3.2 Inherently dissipative polymers (IDP) 7 
1.4 Aims of the investigation 8 
1.4.1    Research protocol 10 
CHAPTER 2: LITERATURE REVIEW 11 
2.1    Conductive Theory 11 
2.2    Percolation Theory 13 
2.3    Polymer blends 15 
2.3.1    Thermodynamics of polymer blends 15 
2.3.2    Compatibilisation of polymer blends 21 
2.4    Survey of blends containing inherently conductive polymers 26 
     2.4.1    Solution-processed blends of ICP and thermoplastics 28 
     2.4.2    Melt-processed blends of ICP and thermoplastics 30 
2.5    Melt-processed blends of IDP and thermoplastics 37 
 
v 
 
Page 
2.6    Characterisation and properties of polymer blends 43 
2.6.1    Thermal analysis of blends 43 
2.6.2    Microscopy of blends 46 
2.6.3    Mechanical properties of blends 47 
2.6.4    Electrical properties of blends 49 
2.7   Summary 50 
CHAPTER 3: EXPERIMENTAL 53 
3.1   Materials 53 
3.2    Processing of polymer blends 56 
3.2.1    Compounding 56 
3.2.2    Injection moulding 63 
3.3    Characterisation techniques  71 
     3.3.1    Thermogravimetry analysis (TGA) 71 
     3.3.2    Differential scanning calorimetry (DSC) 72 
     3.3.3    Fourier transform infra-red spectroscopy (FTIR) 74 
     3.3.4    Optical microscopy (OM) 74 
     3.3.5    Scanning electron microscopy (SEM) 75 
3.4    Electrical and mechanical properties of blends 75 
     3.4.1    Volume and surface resistance 75 
3.4.2    Tensile Tests 75 
3.4.2    Izod impact tests  78 
3.5    Extraction of plasticiser from PANI 79 
3.6    Analysis of skin-core structures 80 
  
vi 
 
  
Page 
CHAPTER 4: RESULTS & DISCUSSION  
EVALUATION OF STYRENIC/PANI  BLENDS 
 
81 
4.1    Characterisation of PANIPOLTM CXH 81 
4.2    Miscibility studies of styrenic/ PANI blends 
       
84 
4.3    Electrical properties of styrenic/PANI blends 91 
4.4    Morphology and mechanical properties of PS/ PANI blends 96 
4.5    Morphology and mechanical properties of SB/ PANI blends 100 
4.6    Morphology and mechanical properties of SAN/ PANI blends 105 
4.7    Morphology and mechanical properties of ABS/ PANI blends 110 
4.8    Conclusions 114 
CHAPTER 5: RESULTS & DISCUSSION  
EVALUATION OF STYRENIC / IDP BLENDS 
 
117 
5.1    Characterisation of polyether-olefin based IDP 
       
117 
5.2    Electrical properties of styrenic/IDP blend 120 
5.3    Miscibility studies of PS/IDP blends 
 
122 
5.4    Morphology and mechanical properties of PS/IDP blends 126 
5.5    Miscibility studies of SB/IDP blends 133 
5.6    Morphology and mechanical properties of SB/IDP blends 136 
5.7    Miscibility studies of SAN/IDP blends 141 
5.8    Morphology and mechanical properties of SAN/IDP blends 144 
5.9    Miscibility studies of ABS/IDP blends 149 
5.10  Morphology and mechanical properties of ABS/IDP blends 152 
5.11  Conclusions 157 
 
 
 
vii 
 
 
 Page 
CHAPTER 6: RESULTS & DISCUSSION  
MODIFICATION OF INHERENTLY DISSIPATIVE POLYMER 
 
161 
6.1    Characterisation of Polyethylene glycol 162 
6.2    Electrical properties of PEO-PO/PEG blends 165 
6.3    Miscibility studies of PEO-PO/PEG blends 167 
6.4    Morphology of PEO-PO/PEG blends 175 
6.5    Blends of modified IDP with PS and SAN 177 
6.5.1  Electrical properties of un-plasticised and plasticised 
Styrenic/PEO-PO blends 
 
178 
6.5.2  Blends miscibility of un-plasticised and plasticised 
Styrenic/PEO-PO blends 
 
182 
6.5.3  Morphological and mechanical properties of un-plasticised 
and plasticised Styrenic/PEO-PO blends 
 
189 
6.5.4  Influence of compatibiliser on the properties of plasticised 
PS/PEO-PO blends  
 
196 
6.6    Conclusions 198 
CHAPTER 7: GENERAL DISCUSSION 201 
CHAPTER 8: CONCLUSIONS AND SUGGESTIONS FOR  
FUTURE WORK 
 
207 
REFERENCES  211 
APPENDICES  223 
  
  
 
1 
CHAPTER 1: INTRODUCTION 
 
Thermoplastic polymers are well known for their excellent electrical and 
thermal insulation properties, which are critical requirements for many 
electrical components and equipment. In recent years, there is an increasing 
trend in the miniaturization of electronic components due to the growing 
demand in portable and compact consumer devices and appliances [1]. 
Electrostatic charges are created by an imbalance of electrons on the surface 
of materials and occur when two nonconductive bodies rub against or 
separate from each other, often referred to as a triboelectric effect [2]. These 
electrostatic charges discharge as an arc or spark when the non-conductive 
body carrying the charge comes in contact with another body at a different 
electrical potential, causing damage to microelectronic components. 
Conductive thermoplastics are widely used as electrostatic dissipative 
materials in electronic packaging applications during manufacturing, 
assembly, storage and shipping of electronic components, for protection 
against electro-static discharge (ESD). Examples of electronic packaging 
applications such as ESD box, ESD corrugated box, ESD carrier tape, and an 
ESD container are shown in Figure 1.1.  
 
 
Figure 1.1 Examples of electronic packaging applications: (a) ESD film, 
(b) ESD box, (c) ESD corrugated box, (d) ESD carrier tape, (e) ESD 
container. 
 
According to the classifications of the Electronic Industry Association (EIA) 
classification (Figure 1.2), the electrical resistance of static dissipative 
materials generally range from ≥ 1.0x104 to < 1.0x1011 Ω. However for many 
articles in an ESD protected environment, the optimal electrical resistance 
typically ranges from ≥ 1.0x105 to < 1.0x108 Ω [3 – 7]. 
 
(a) (b) (c) (d) (e)
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Figure 1.2 Classification of electrical insulation/conduction [8] 
 
Various additives can be incorporated into thermoplastic polymers rendering 
them electrically conductive. These additives can be divided into three main 
categories: conductive fillers, migratory conductive additives and polymeric 
conductive additives.  
 
1.1 Conductive fillers 
Perhaps the earliest and best known method for making thermoplastic 
polymers electrically conductive is by the incorporation of conductive fillers. 
These conductive fillers can be classified into reinforcing or additives types as 
shown in Table 1.1.  
 
Table 1.1 Conductive fillers and their typical loading in thermoplastic 
polymers [9] 
 
 
Reinforcing type
Typical 
content (wt%) Additive type
Typical 
content (wt%)
Polyacrylonitrile (PAN) Carbon Fibre 30 Ketjen Carbon Black 5 - 15
Graphite Fiber 10 Furnace Carbon Black 30 - 40
Aluminium Fibre 30 Aluminium Flakes 40
Stainless steel Fibre 5 Aluminium Powders 30
Nickel-coated Graphite Fibre 10 Copper Powders 30
Gold-plated glass Fibre 30 Nickel-coated Glass Beads 20
3 
When a thermoplastic polymer is loaded with conductive fillers, it usually 
transforms from an insulator to a conductor over a narrow range of filler 
concentration and is usually modelled by a S-shaped conductivity versus filler 
content curve as shown in Figure 1.3. Such transition-like changes in 
conductivity are interpreted as a percolation whereby the particles of the 
conductive filler connect to form a continuous network for conductivity [9]. The 
level of conductivity achievable in a conducting polymer composite will mainly 
depend on the properties of the conductive fillers, which include their inherent 
conductivity, size, shape and hardness, and the potential interactions between 
the conductive fillers and polymers [10 – 12]. 
 
 
Figure 1.3 The typical S-shaped curve for electrical conductivity of 
carbon fibre-polymer composites with various aspect ratios (AR) as a 
function of volume percent of carbon fibre [12] 
 
1.2 Migratory conductive additives 
Generally, a migratory conductive additive comprises of a hydrophobic tail that 
has a certain degree of compatibility with the bulk polymer, and a hydrophilic 
head that migrates to the surface of moulded articles to form aqueous 
conductive layers for static discharge through interaction with atmospheric 
moisture as shown in Figure 1.4. The migration rate is dependent on the 
relative compatibility between the additive and the polymer, the degree of 
polymer crystallinity, the concentration of additive, and the application 
4 
temperature [13]. Examples of migratory conductive additives are glycerol 
monostearate, ethoxylated alkylamines, alkylsulphonate, and quarternary 
ammonium salts. 
 
 
Figure 1.4 Formation of conductive path on the polymer surface after 
migration of a migratory type conductive additive [re-constructed from 
ref 13] 
 
1.3 Polymeric conductive additives 
1.3.1 Inherently conductive polymers (ICP) 
The discovery of the inherently conductive polymer (ICP), polyacetylene, in 
1976 by Shirakawa, Heeger and MacDiarmid marked the creation of a new 
generation of polymeric materials that exhibit electrical properties of metals 
similar to metals or semiconductors [14]. Some common examples of ICPs 
are shown in Figure 1.5. 
 
 
Figure 1.5 Chemical structures of common ICP [15] 
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The introduction of conjugation in the polymer architecture of ICP leads to one 
unpaired electron on each carbon atom that is free to move along the polymer 
chain, forming a monatomic metallic chain. However this monatomic metallic 
chain is unstable and will undergo a Peierls (or metal to insulator) transition by 
electron lattice coupling as shown in Figure 1.6.  
 
 
Figure 1.6 Illustration of metal to insulator transition due to Peierls 
instability [15]. 
 
Thus a doping process is necessary to create electron mobility, in order for a 
conjugated polymer to be electrically conductive. During the doping process, 
charges are either injected or removed from the polymer chains and the 
dopant ions sit on the polymer matrix in order to maintain charge neutrality. 
There are various doping techniques which include chemical doping, 
electrochemical doping, ion implantation, photochemical doping, and doping 
of polyaniline by acid-base chemistry [14,17]. The distribution of dopant ions 
in the ICP is inhomogeneous. This is due to the complex morphology of ICP, 
which consists of both crystalline and amorphous regions [18]. The details of 
various doped conducting polymers are shown in Table 1.2. 
 
 
 
 
 
 
 
 
 
Peierls transition
metallic state
(electrons delocalised)
insulating state
(conjugated double bonds)
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Table 1.2. The details of various doped conducting polymers [18] 
Polymer Abbreviation 
Repeat 
Unit 
Orientability Crystallinitya Conductivityb 
Polyacetylene (CH)x C2H2 High 80% 104 – 105 
Poly(p-
phenylene 
vinylene) 
PPV (C6H4)C2H2 High 80% 104 
Polyaniline PANI (C6H4)NH Low 50% 400 
Polypyrrole PPy C5H2N Low 50% 400 
Poly(3,4-
ethylene 
dioxythiophene) 
PEDOT C7H4O2S Low 40% 300 
Poly(3-methyl 
thiophene) PMeT (C5H2S)CH3 Low 40% 400 
a
 Approximate values for high quality samples. 
b
 In Scm-1. The values give approximately the highest observed values. In the case of (CH)x and 
PPV, the conductivity is for the highly oriented state along the direction of the chain alignment. 
 
The electrical conductivity of the ICP involves charge transport along the 
polymer backbone (intrachain transport) and charge “hopping” from one 
polymer chain to another (interchain transport). These two mechanisms can 
be modelled in term of mean lifetime (Ti) of the charge carrier on the polymer 
chain before it hops to a neighbouring chain, and characteristic time (Tc) 
required for a charge carrier to diffuse along the backbone of the entire 
polymer chain [19]. When Ti is much greater than Tc, the charge carriers 
explore the entire polymer chain before hopping to a neighbouring chain. The 
bulk conductivity of ICP is limited by interchain hopping and increase linearly 
with molecular weight. On the other hand if Tc is much greater than Ti, the 
bulk conductivity of ICP is limited by intrachain diffusion constant and is 
independent of molecular weight.  
 
It was claimed that a small change in degree of crystallinity will have a large 
effect on conductivity [20]. The ordered packing in the crystalline regions 
reduces the energy for interchain charge transport and produces a high 
degree of local chain orientation, which contributes to higher conductivity. 
Other factors that may affect the conductivity of ICP are the molecular weight 
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distribution, the presence of defects in the polymer chain, and the orientation 
induced by stretching or doping [21].    
 
1.3.2 Inherently dissipative polymers (IDP) 
Another method in rendering thermoplastic polymers conductive is by the 
incorporation of inherently dissipative polymers which form conductive 
networks within the host polymer. IDPs are made by the chain extending 
reaction of salt modified low molecular weight polyether oligomers to form 
hydrophilic block copolymers, such as polyether-ester block copolymer, 
polyether-amide block copolymer, and polyether-olefin block copolymer [22 – 
23]. There are two types of ionic conducting mechanisms. The first type 
induces polymer segmental motion whereby the ions are coupled to the 
polymer chain and conduct by moving from one site to another. The second 
type is by thermal activation of ions whereby these ions are decoupled and 
conduct by hopping from one site to another [24 – 25]. Temperature 
dependence of ionic conduction has often been studied to understand the 
fundamentals of the conduction mechanism. The experimental data for 
measured conductivity at various temperatures is either fitted to the empirical 
Arrhenius equation (1.1), or the empirical Vogel-Tammann-Fulcher (VTF) 
equation (1.2), where  is the measured conductivity,  is temperature, ∆ is 
the activation energy,  is the gas constant,  is the activation energy,  is 
the Boltzmann constant, 	 is the thermodynamic equilibrium glass transition 
temperature, 
	 and 
 are constant [24 – 25].  
 
 = 
	 ∆                                  (1.1) 
 
 = .  


                            (1.2) 
 
Other factors that can affect the conductivity are the degree of crystallinity [24] 
and the salt concentration [25 – 26]. The salt concentration is referred as the 
number of oxygen atoms in the polyether chains per cation of the salt. At high 
salt concentration, the stronger cation-matrix interaction results in chain 
stiffening and reduced segmental motion which leads to lower conductivity. An 
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increase in crystallinity results in a smaller amorphous region for segmental 
motion thus leading to lower conductivity.  
 
1.4 Aims of the investigation 
Conductive fillers, such as carbon black are commonly employed to render 
the styrenic thermoplastics electrically conductive but the limitations are the 
presence of carbon particulates which cause contamination, the steep 
percolation curve which make the control of conductivity level difficult, the 
poor dispersion of carbon blacks in the matrix polymers which may cause 
variation of the conductivity with location in same product, and the 
colourability for product identification [4 – 6, 15]. The use of migratory type 
conductive additives is an economical approach but is limited to short term 
applications; the conductivity level is humidity dependent and often imparts a 
greasy layer to the surface of polymer. The incorporation of melt processable 
ICPs and IDPs into thermoplastics allows for easy adjustment of the 
conductivity level, which is attributed to the formation of co-continuous, 
interpenetrating polymer network type morphology [4, 27]. However the 
limitations of melt processable ICP is the poor thermal stability which may 
result in degradation at high processing temperatures, and the difficulty in 
achieving optimal conductivity level when using IDP. Styrenic thermoplastics, 
such as polystyrene (PS) and acrylonitrile-butadiene-styrene (ABS) 
terpolymer, are widely used as packaging materials for electronic applications 
owing to their versatility in processing which allows them to be processed by a 
broad range of processing methods like injection moulding, extrusion and 
thermoforming etc. Apart from their ease in processing, low mould shrinkage 
behaviour, good dimensional stability, high strength and rigidity are the main 
reasons for selecting the styrenic materials for this study. However, the 
current work will focus on the modification of styrenic materials for injection 
moulding applications. 
 
In the first part of the research work, two different types of polymeric 
conductive additives: ICP based on melt-processable polyaniline (PANI), and 
IDP based on polyether-olefin block copolymer (PEO-PO) are incorporated 
into 4 different types of styrenic thermoplastics: polystyrene (PS), styrene-
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butadiene copolymer (SB), styrene-acrylonitrile (SAN), and acrylonitrile-
butadiene-styrene terpolymer (ABS) to investigate the influence of: 
a) PANI and IDP concentrations on the percolation curves of styrenic 
thermoplastics  
b) polymer matrix polarity on conductivity 
c) miscibility of PANI and IDP with styrenic thermoplastics on conductivity 
d) morphology on conductivity 
 
The second part of the research work is to investigate the feasibility of 
improving the electrical conductivity of IDP using polyethylene glycol (PEG). 
The modified IDP is subsequently blended with PS and SAN representing 
non-polar and polar matrix polymers respectively. The influence of processing 
methods and compatibilisation on the electrical and mechanical properties of 
the blends are studied. 
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1.4.1 Research protocol 
 
 
 
 Characterisation of PANI. 
 Preparation of styrenic/PANI blends via 
compounding. 
 Preparation of test specimens via injection 
moulding. 
 Investigation of blend miscibility, electrical, 
morphology, and mechanical properties. 
 Conclusions. 
 
 
 Characterisation of IDP. 
 Preparation of styrenic/IDP blends and test 
specimens via direct injection moulding. 
 Investigation of blend miscibility, electrical, 
morphology, and mechanical properties. 
 Conclusions. 
 
 
 Characterisation of PEG. 
 Preparation of IDP/PEG blends via 
compounding. 
 Investigation of blend miscibility, electrical, 
morphology. 
 Preparation of styrenic/modified IDP 
blends via compounding and direct 
injection moulding. 
 Preparation of test specimens via injection 
moulding. 
 Investigation of blend miscibility, electrical, 
morphology, and mechanical properties. 
 Conclusions. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Conductive theory 
Thermoplastic polymers are used in many electrical components and 
equipment. This is due to their excellent electrical and thermal insulation 
properties, light weight, low cost, non-corrosiveness, colourability, mechanical 
strength, and the ease of readily producing complex shapes using 
conventional melt processing techniques. However there is an emerging 
application for thermoplastics to be tailored with different electrical 
conductivities (Figure 1.2) for solving a wide range of static discharge, 
electrostatic dissipation (ESD), and electromagnetic interference shielding 
(EMI) problems. 
 
The electrical conductivity σ of a polymer in a particular direction z at an 
absolute temperature T (K) is given by [28]: 
 
 	,  = 	∑ || ,                           (2.1) 
 
where   is the value of the positive or negative charges on the  th charge 
carrier, 
 i is the concentration of the  th charge carrier and  is the mobility of 
the   th charge carrier in the z direction. Charge carriers can either be 
electrons or ions having electric charges. The electrical conduction may occur 
through the movement of these charge carriers.  
 
In the ionic conduction of a polymer, there is a strong correlation between the 
dielectric constant and the conductivity [29]. The attraction forces between the 
ions are reduced in a high dielectric constant medium. This produces lower 
dissociation energy of the ionic compound which is needed for ionic 
conductivity. An example is the absorption of water which has a relatively high 
dielectric constant and enhances the conductivity of polymer greatly.  
 
Band theory [30] of atomic lattices provides the basic concept of the 
electronic conduction in molecular solids. When the atoms or molecules are 
aggregated in the solid state, the outer atomic orbitals containing the valence 
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electrons form two series of closely spaced energy levels or bands. These 
bands are called the valence band or the highest occupied molecular orbital 
(HUMO), and the conduction band or the lowest unoccupied molecular orbital 
(LUMO). When the valence band is partly filled with electrons and overlaps 
with the conduction band, application of a potential will raise some electrons 
into the empty conduction band creating “holes” in the valence band. These 
allow the electrons to move freely through the solid, producing a current and 
the material is a conductor. On the other hand, if the electrons completely fill 
the valence band and leave an energy gap (Eg) between the completely filled 
valence and empty conduction bands, the materials are either semiconductors 
or insulators, depending on the width of the gap. In a semiconductor, the 
energy gap is small and some electrons can bridge the gap into the 
conduction band by thermal or other excitations. In an insulator, the energy 
gap is large enough to prevent any electrons from reaching the conduction 
band (Figure 2.1). 
 
 
Figure 2.1 Schematic diagram showing the principles of band theory 
 
Various additives can be incorporated into thermoplastic polymers rendering 
them electrically conductive. This research is concerned with the addition of 
polymeric conductive additives via polymer blending. 
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2.2 Percolation theory 
When a polymeric conductive additive is incorporated into a thermoplastic 
polymer matrix, there is a point whereby the polymer blend transforms from 
an insulator to a conductor. This transition-like change in conductivity is the 
same as the loading of conductive fillers into a thermoplastic polymer and is 
interpreted as a percolation process. The typical percolation plot of volume 
resistance, which is inversely proportional to the conductivity, versus the 
conductive additive content, is shown in Figure 2.2. 
 
 
Figure 2.2 Typical percolation plot and schematic morphologies at 
different point of plot. 
 
Percolation theory is a statistical model and can be used to predict the 
percolation threshold or the critical density concentration, denoted by in 
volume or weight fraction. This is needed to form a continuous network which 
imparts conductivity to the host polymer [31]. Below the percolation threshold, 
the polymer blend remains insulative as there is no contact between the 
particles of conductive additive. At the percolation threshold, the particles of 
the conductive additive connect to form a continuous network for conductivity. 
Beyond the percolation threshold, the volume resistance of the polymer blend 
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reaches a plateau with further addition of conductive additive. The level of 
conductivity achievable depends on the inherent conductivity of the polymeric 
conductive additive and its interaction with the thermoplastic polymer matrix.  
 
In the classical percolation theory, which was based on randomly distributed 
hard spherical particles in three dimensions, the onset of macroscopic 
conductivity occurs at the critical density of 15 volume percent [32]. However 
Levon et al. [33] presented an explanation for low percolation threshold (much 
lower than 15 volume percent) and high conductivity critical exponent in terms 
of multiple percolations via a phase separation mechanism. The conductivity, 
 can be estimated by an empirical scaling relation shown in equation 2.2, 
where ∅ and ∅are the current volume fraction and the percolation threshold 
concentration; t is a universal conductivity exponent; and  is the conductivity 
of the hard sphere. 
 
 = ∅ − ∅t                              (2.2) 
 
In order to determine the percolation threshold concentration (∅ , the 
concentration at the inflection point (∅ in an empirical fitting curve (Equation 
2.3 – 2.4) has been used [34–38].  
 
 ⁄  = 1 −  −!∅"#$
n
                  (2.3) 
 
∅ ≡ ∅ =   !⁄                            (2.4) 
 
where B, a, n are adjustable parameters;   and  are electrical 
conductivities of the composite and polymer matrix respectively; ∅"  is the 
volume fraction of conducting filler. 
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2.3 Polymer blends 
Polymer blending is a commonly used method for the development of new 
polymeric materials, which combine the desired properties of more than one 
existing polymeric component [39]. A wide range of material properties is 
achievable by altering the blend composition. Figure 2.3 illustrates the 
relationship of blend terminology. Miscible polymer blends behave as a single-
phase system down to segmental level of mixing and can be divided into 
homologous and heterogeneous blends. Within the immiscible polymer 
blends, there is a subgroup of compatible polymers known as polymer alloys 
that exhibit finely dispersed mixtures or optimum morphology to maximize 
product performance [40].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Blend terminology [40] 
 
2.3.1 Thermodynamics of polymer blends 
Polymer blends can be characterized thermodynamically by their phase 
behaviour, whereby the mechanical, thermal, rheological, and electrical 
properties are strongly dependent on their state of miscibility [41]. The state of 
miscibility of polymer blends is governed by the Gibbs free energy of mixing 
(∆()) which is defined as: 
16 
 
 
∆() = ∆*) − ∆+)                                    (2.5) 
                          
where ∆*) is the enthalpy of mixing, ∆+) is the entropy of mixing, and T 
is the absolute temperature. In a binary polymer blend, ∆() can vary with 
composition (,) in several ways as shown in Figure 2.4.  
 
 
 
Figure 2.4 Possible free energy of mixing for binary mixtures [41] 
 
Curve B represents complete miscibility, which exists if both criteria of 
Equation 2.6 and 2.7 are met for all compositions.  
 
∆() < 0                                                (2.6) 
 
/0
1∆2345
0∅1 67,8 > 0                                          (2.7) 
 
Curve A represents complete immiscibility, which violates Equation 2.6 for all 
compositions. Curve C represents partial miscibility, whereby miscibility 
occurs at compositions to the left and right of the minima Y and Y’ 
respectively. The curve also passes through points of inflexion at X and X’ 
which can be defined by Equation 2.8.   
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/0
1∆2345
0∅1 67,8 = 0                                          (2.8) 
 
The Flory-Huggins theory, initially employed for solvent-solvent and polymer-
solvent mixtures, is the most relevant theory derived for modelling the free 
energy of polymer binary mixtures [42]. The entropy of mixing (∆+) ) 
determined by the numbers of ways of arranging polymer molecules in a 
mixture is given by Equation 2.9. This term is generally very small for polymer 
binary mixtures and the value is lower with increase in molecular weight of the 
components. 
 
∆+) = −:; /∅<=< ,> +
∅1
=1
,@6                             (2.9) 
 
The enthalpy of mixing (∆*) ) relates to the Flory-Huggins interaction 
parameter (A>@) as given by Equation 2.10. This term is the main driving force 
for polymer-polymer miscibility. ∆*)  can be negative or exothermic if 
specific strong interactions are present. 
 
Δ*) = ,>,@:; C<1=D                                      (2.10) 
 
Substitution of Equation 2.9 and 2.10 into 2.5 gives rise to Equation 2.11. 
 
∆() = :; E∅<F< ,> +
∅1
F1
,@G + ∅>∅@A>@:; HIJ          (2.11) 
 
where R = gas constant, V = total volume, ∅ = volume fraction of component 
, H = molar volume of polymer chain , and HI = molar volume of a specific 
segment. A binary blend may exhibit an upper or lower critical solution 
temperature (UCST or LCST) which can cause the two components in the 
blend to phase separate as shown in Figure 2.5.   
 
18 
 
 
Figure 2.5 Schematic temperature-composition phase diagram showing 
UCST and LCST behaviour of polymer blends. The solid and dashed 
lines indicate bimodal and spinodal respectively [42]. 
 
UCST behaviour is normally observed in liquid-liquid and polymer-solvent 
mixtures where low molecular weight materials are present. As the 
temperature increases, the entropy term increases which drives ∆()  to a 
more negative value and increases miscibility.  
 
LCST behaviour is normally observed in polymer blends as phase separation 
occurs with increasing temperature. This is due to the disappearance of the 
intermolecular attractive forces responsible for the miscibility behaviour, when 
the internal energy of the molecules becomes high enough to overcome them 
at higher temperatures. 
 
Phase separation occurs in the metastable and unstable regions via 
nucleation and growth, and spinodal decomposition mechanisms respectively 
[43]. In nucleation and growth, the initial evolution of the phase separation 
takes place by localised fluctuation of concentration and the natural form of 
the phase separation is the droplet/matrix type. The size of droplets increases 
initially by growth, followed by coalescence and coarsening until there are two 
large phases, which depend on the time scale and rate of diffusion which 
decreases with temperature. In spinodal decomposition, the concentration 
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fluctuation is delocalised, leading to long range spontaneous and continuous 
phase separated interwoven structures. The schematic illustrations for both 
phase separation mechanisms are shown in Figure 2.6.     
 
 
Figure 2.6 Schematic illustrations and generalised morphology of 
spinodal decomposition and nucleation and growth phase separation 
mechanisms [42]. 
 
The Hildebrand solubility parameter concept has been used to estimate the 
miscibility of polymer blends, and is based on the idea that two polymeric 
components having matched solubility parameters will have balanced forces 
and be miscible [44]. However it is only applicable to molecules that are non-
polar and non-associating. The equation is: 
 
∆K3
L3
= ∅>∅@M> − M@
2
                            (2.12)      
  
where Vm is the molar volume of the mixture, M  and ∅  are the solubility 
parameter and volume fraction of component   respectively. The group 
contribution method is employed for predicting the solubility parameters:  
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M = O PQR4S P =
QT4
=                                           (2.13) 
 
where M = solubility parameter, F   = molar attraction constant, M = molecular 
weight of the repeat unit (molar mass), O  = density, and H  = molar volume.  
 
The solubility parameter concept is used to predict the Flory-Huggins 
interaction parameter, A>@ : 
 
A>@ = =DV7 MW − MX
@
                                  (2.14) 
 
where MW  and MXare the solubility parameters of two polymers. The critical 
solubility parameter difference, ∆Mcr = MW − MX, relative to the strength of 
specific interactions needed to achieve miscibility was established and is 
shown in Table 2.1. 
 
Table 2.1 Critical solubility parameter difference (∆ Y cr) needed to 
achieve miscibility [42]. 
 
Interaction ∆Ycr (MPa)1/2 
Dispersive forces < 0.2 
Polar forces < 1.0 
Weak specific interactions < 2.0 
Moderate specific interactions < 4.0 
Strong specific interactions < 6.0 
 
The Hansen solubility parameter includes three contributions: dispersive (MZ@, 
polar (M[@), and hydrogen bonding (M\@ ) in the calculation of total solubility 
parameter, which improves the prediction of polymer miscibility as shown in 
Equation 2.15.  
 
 M@ = MZ@ + M[@ + M\@                                      (2.15) 
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2.3.2 Compatibilisation of polymer blends 
Most polymer blends are immiscible and compatibilisation is required to 
achieve stable, reproducible, and improved properties through the following 
three aspects [39]:   
 
(a) Reduction of interfacial tension to facilitate finer dispersion. 
(b) Stabilisation of morphology that will be unchanged by processing 
conditions. 
(c) Enhancement of adhesion between the phases in the solid state to 
facilitate stress transfer and improve mechanical properties of the 
product. 
 
The control of the phase morphology during blend processing is crucial for 
immiscible blend to achieve improved properties. A wide range of shapes, 
sizes, and spartial distribution of phases, such as spherical, ellipsoidal, 
cylindrical, ribbon-like, and co-continuous can be obtained during melt 
processing. The final morphology obtained is a balance between deformation-
disintegration phenomena and coalescence, which is influenced by the 
viscosity, elasticity, composition, and interfacial properties of phases, and the 
processing conditions (temperature, screw speed, residence time, and screw 
type) [45–46]. Figure 2.7 illustrates the deformation-disintegration phenomena 
and coalescence during melt blending of two polymers.  
 
 
Figure 2.7 Schematic representations of the processes occurring during 
the melt blending of two polymers [45]. 
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Compatibilisers are macromolecular species exhibiting interfacial activities in 
immisicible polymer blends. They can be used to control phase sizes and 
promote local mixing at the interfaces between the component polymers. The 
most common method of compatibilisation is the addition of either a block or 
graft copolymer, which migrates to the interface of the two immiscible 
polymers and is composed of segments having specific interactions with the 
two immiscible polymers as shown in Figure 2.8.  
 
 
 
Figure 2.8 Schematic representations of conformations for (a) diblock, 
(b) triblock, (c) multigraft and (d) singlegraft copolymers at the interface 
of a heterogeneous polymer blend [45]. 
 
The second method is through reactive compatibilisation whereby the 
formation of copolymer occurs in situ by chemical reaction between two 
polymeric components during processing [39]. There are five basic chemical 
reactions for the formation of inter-chain block copolymer during processing, 
namely: 
 
(a) Chain cleavage and recombination. 
(b) End group of first polymer reacting with end group of second polymer. 
(c) End group of first polymer reacting with pendant functionality of second 
polymer. 
(d) Reaction either between two pendant groups or main chains of the two 
polymer. 
(e) Ionic bond formation. 
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The type of copolymers obtained for the different chemical reactions are 
shown in Table 2.2. 
 
Table 2.2 Chemical reactions for inter-chain block copolymer formation 
during processing [re-constructed from ref 39 and 45]. 
 
Type of chemical reaction Type of copolymer obtained 
Chain cleavage and recombination 
Block and/or random copolymers: 
AAAAABBBBB + AABBBBBAAA + 
AABBAAABBB, etc 
End group of first polymer reacting 
with end group of second polymer 
 
End group of first polymer reacting 
with pendant functionality of second 
polymer 
 
Reaction either between two pendant 
groups or main chains of the two 
polymer 
 
Ionic bond formation Usually graft AB, often crosslinked,  A – B  
 
The addition of a compatibiliser into immiscible polymer blends influences the 
interactions at the interface and the phase morphology, which affects the melt 
viscosity of the blends. Polymer blends can be classified into four categories 
defined by the melt viscosity-composition dependence with respect to the log-
additivity rule as shown in equation 2.16 [45]. Polymer blends that are 
additive will follow equation 2.16. A positive deviation from the log-additivity 
rule can be observed in blends with strong interfacial interactions and the 
opposite effect can be observed for weak interactions. Both positive and 
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negative deviation from the log-additivity rule can be observed in blends that 
have phase changes with composition. 
 
] = Σ,]                                  (2.16) 
 
where , and ] are the volume fraction and viscosity of blend components. 
 
The morphology of the binary blend changes upon the addition of a dispersed 
phase. The first indication of phase continuity is observed at the percolation 
threshold (Φc), and the level of phase continuity reaches a maximum at the 
phase inversion concentration (ΦINV) as shown in figure 2.9 [47].  
 
 
Figure 2.9 Schematic representation of phase continuity-composition 
dependence [re-constructed from ref 47]. 
 
For a binary blend, the viscosity ratio (_) taken at the shear stress used for 
the preparation of blend can be used to predict the phase inversion 
concentration using empirical equation 2.17 [47].  
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                                _ = 	`<`1 =	
a<
a1
	                                        (2.17) 
 
where , and ] are the volume fraction and viscosity of blend components. 
For  _ > 1, phase 1 is continuous; for _ < 1, phase 2 is continuous; for _ ≈ 1, 
co-continuous phase exists or phase inversion may be in progress. 
  
In the melt blending of a dispersed phase polymer with a major phase 
polymer, phase inversion could occur if the dispersed phase polymer has a 
lower melt or softening temperature. Shih [48] has proposed a four sequential 
stages phase inversion mechanism as illustrated in Figure 2.10 
 
 
 
Figure 2.10 Schematic phase inversion mechanism [47] 
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2.4 Survey of blends containing inherently conductive polymers 
In the most cases of conducting polymers, the polymers merely provide a 
supporting role as the matrix for the conducting additives such as metal 
particles, ions, and salts. The introduction of conjugation in the polymer 
architecture, in the case of inherently conducting polymers (ICPs), has 
allowed the polymer chain itself to provide a conductive path for the electrons. 
However, the initial ICPs were categorised as insoluble, intractable and 
infusible. This is due to the inter-chain electron transfer interactions in ICPs, 
which are relatively strong compared with the hydrogen bonding and Van der 
Waals inter-chain interactions of typical saturated polymers [19].  
 
Significant progress has been made to improve the processability of ICP. One 
such approach is side chain functionalization, whereby the addition of 
moderately long side chains reduces the inter-chain coupling of ICP and thus 
increases the entropy. An example is seen for polythiophenes, when the 
introduction of long, flexible hydrocarbon chains to the 3-position of the 
thiophene ring yields high molecular weight poly (3-alkylthiophenes) as shown 
in Figure 2.11. This allows the ICP to be soluble in organic solvents such as 
chloroform, tetrahydrofuran (THF), and toluene [49].  
 
 
Figure 2.11 Poly (3- alkylthiophenes) 
 
Polyaniline (PANI) is one of the most extensively studied ICPs. It can exist in 
a variety of forms which differ in their oxidation level. The most reduced form 
is called leucoemeraldine, 50% oxidised is called emeraldine, 75% oxidised is 
called nigraniline, and the fully oxidised is called pernigraniline [50] (Figure 
2.12). It has been reported that the emeraldine form of PANI (PANI-EB) is 
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soluble in N-methylpyrrolidinone (NMP), dimethylformamide (DMF) [51], and 
concentrated sulphuric acid [52]. 
   
 
 
Figure 2.12 Octameric structures of polyaniline in various intrinsic redox 
states [50]. 
 
Side chain functionalization by incorporation of flexible alkyl chains into PANI 
via N-alkylation renders the ICP soluble in various organic solvents [53–54]. 
The processability of PANI-EB can be improved by the use of functionalised 
protonic acid, such as dodecylbenzenesulphonate acid (DBSA), to dope 
PANI-EB which renders the conducting emeraldine salt form of PANI (PANI-
ES) soluble in various organic solvents [55–56]. A “functionalized protonic 
acid” is generally denoted as H+ (M--R), in which the counter-ion anionic 
species, (M--R) contains the R functional group, chosen to be compatible with 
non-polar or weakly polar organic liquids. Table 2.3 presents the conductivity 
of PANI-ES doped with different functionalised counter ions, and their 
solubility in various organic solvents at room temperature.  
 
 
 
 
28 
 
Table 2.3 Solubility and conductivity (σ) of PANI-ES with (SO3-- R) 
counter-ion [55]. 
 
 
2.4.1 Solution-processed blends of ICP and thermoplastics 
Although side chain functionalization of ICP enables the blending of ICP and 
thermoplastics in a common solvent by solution processing, the resulting 
polymer blend is insulative and must be doped to the conducting form 
subsequent to solution processing [54]. The use of functionalised protonic 
acid to dope PANI-EB allows the solution processing of conducting PANI-ES 
directly without the need of post doping [55–57]. Therefore the fundamental 
requirement for preparing blends of ICP and thermoplastics by solution 
processing is the use of a common solvent which both the ICP and 
thermoplastics are co-soluble.  
 
The electrical conductivity of the ICP blend depends on the miscibility of ICP 
with thermoplastics [54, 58], and the ability of the ICP to form interconnected 
fibrillar network in thermoplastic matrix [57].   
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Zheng et al. [54] claimed that the miscibility of PANI and ethylene-co-vinyl 
acetate copolymers (EVA) was significantly improved by the incorporation of 
long alkyl side chains onto the PANI backbone. The hydrogen bonding 
between the benzenoid rings of PANI and vinyl acetate, and the hydrophobic 
interactions between the long alkyl side chains of polyaniline and ethylene 
enhance the homogeneity of dispersion and lower the percolation threshold of 
electrical conductivity in the blend.  
 
Vicentini et al. [58] claimed that the immiscibility of PANI doped with 
dodecylbenzenesulphonic acid (PANI.DBSA), with polyurethane thermoplastic 
(TPU) in the PANI.DBSA/TPU blend prepared by solution process resulted in 
a gross-phase separation and lower electrical conductivity as shown in Figure 
2.13. Using the “in-situ” blend preparation method, whereby the synthesis of 
PANI.DBSA by emulsion polymerisation in tetrahydrofuran (THF) was carried 
out in the presence of TPU solution resulted in a fine dispersion of 
PANI.DBSA, and fine conducting network which improved electrical 
conductivity.     
 
 
Figure 2.13 Electrical conductivities and micrographs of the 
PANI.DBSA/TPU blends prepared by (a) “In-situ” and (b) solution 
processes [re-constructed from ref 58]. 
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Yang et al. [57] reported that the electrical conductivities of an order of 1 S/cm 
can be obtained from solution-processed blends of poly(methyl methacrylate) 
(PMMA) and the camphor sulphonic acid doped PANI complex (PANI-CSA) at 
about 2 weight% of PANI-CSA. The morphology observed was a connected 
interpenetrating network of fibrillar protonated PANI in the PMMA matrix, 
which is drastically different from the usual conductive filler particles dispersed 
in a non-conductive polymer matrix that correspond to a predicted percolation 
threshold of 16 volume% for globular particles.   
 
2.4.2 Melt-processed blends of ICP and thermoplastics 
To date there are not many studies conducted on melt-processed blends of 
ICPs and thermoplastics. Studies reported are mainly based on blends of 
doped polyaniline with various thermoplastics, such as polyolefins [59–67], 
polystyrene (PS) [61, 68–70], ethylene-co-vinyl acetate (EVA) [63], PMMA 
[65, 71], polyvinyl chloride (PVC) [60–61, 72–73], poly(ethyleneterephthalate 
glycol) (PETG) [72], polycaprolactone (PCL) [61], and thermoplastic 
elastomers (TPE) [60–61, 68–69, 74–76]. 
 
Melt-processed blends of ICPs with thermoplastics are restricted by the poor 
processability and mechanical properties of ICPs. A major requirement of an 
ICP is that the dopant used must possess thermal stability sufficient to 
withstand the processing temperature of the thermoplastic matrix [72], and be 
readily dispersed within the thermoplastic matrix which enables the formation 
of conductive paths at low percolation threshold [77]. 
 
The thermal stability of doped PANI-EB is dependent on the dopants used 
[78–79]. For example, the emeraldine form of PANI (PANI-EB) has a thermal 
stability up to 420oC, whereas the methane sulphonic acid doped PANI is 
thermally stable up to 250oC [78]. Thermal decomposition of the doped PANI 
is typically divided into three major steps [79–81]: the elimination of moisture, 
the loss of dopant, and the destruction of the PANI skeletal backbone.   
 
During the melt blending of doped PANI with thermoplastics, the level of 
interaction and adhesion between the two polymers will determine the level of 
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fracture and dispersion of doped PANI in the thermoplastic matrix 
[61,68,77,82]. Higher interaction levels and adhesion will result in more 
fracturing of doped PANI particles due to better interphase shear stress 
transferability. The type of morphology and the electrical conductivity in 
conductive polymer blends generally depend on the interaction between the 
ICP and the chosen thermoplastic.  
 
An ideal morphology of the blends can be described by a two-stage hierarchy, 
comprising of a primary structure with small dispersed doped polyaniline 
particles, and a short-range fine fibrillar structure interconnecting the 
dispersed particles [69, 77]. A broad molecular weight distribution of the PANI 
containing a low molecular weight tail is desired since the insoluble fraction of 
the shorter chains will precipitate out to form short-range fine fibrillar structure 
bridging the discretely dispersed doped PANI particles as shown in Figure 
2.14 [61]. 
 
 
 
Figure 2.14 Schematic representation of dispersed doped PANI in a 
thermoplastic matrix [61]. 
 
Other factors affecting the morphology are the composition of the ICP in the 
thermoplastic matrix, the specific type of doped ICPs and thermoplastics, the 
solubility parameters of the conducting polymer and the thermoplastic, the 
viscosity ratio between the ICP and the thermoplastic, and the level of shear 
and time experienced during melt mixing [59,61,64,69,77,82]. 
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Narkis et al. [61] claimed that the significant difference in the electrical 
conductivity between the blends of PCL/PANI doped with p-toluene sulfonic 
acid (PANI-pTSA) and linear low density polyethylene (LLDPE)/PANI-pTSA 
was due to the degree of fracturing which resulted in different polymer 
morphology as shown in Figure 2.15. Large PANI particles were observed in 
LLDPE/PANI-pTSA blends leading to poor electrical conductivity, whereas the 
PANI particles disintegrated into barely observable particles in PCL/PANI-
pTSA blends leading to higher electrical conductivity. However the authors 
[61] did not address on the miscibility between the PCL and LLDPE matrices 
with PANI-pTSA. The good dispersion observed in the PCL/PANI-pTSA blend 
as compared to the LLDPE/PANI-pTSA blends can be due to the better 
miscibility between the PCL and PANI-pTSA which are both polar as 
compared to the non-polar LLDPE. 
 
 
Figure 2.15 Electrical conductivities and SEM micrographs of PCL/ 
PANI-pTSA and LLDPE/PANI-pTSA blends [re-constructed from ref 61]. 
 
Zilberman et al. [77] reported that the highest electrical conductivity (~10-4 
S/cm) observed in a blend of PS containing 20 weight percentage of DBSA 
doped PANI (PANI-DBSA) as compared to blends of LLDPE and 
Copolyamide (CoPA) containing same dosage of PANI-DBSA (~10-8 and ~10-
33 
 
10
 S/cm respectively), was due to their similar solubility parameters (Table 
2.4). The authors suggested that similar solubility parameters of the two 
polymeric components are needed for high level of PANI dispersion within the 
thermoplastic matrix and formation of conducting paths at low percolation 
threshold.  
 
Table 2.4 Solubility parameters [77] 
Polymers Solubility Parameter (J/cm3)0.5 
PANI-DBSA 20.8 
PS 19.5 
LLDPE 16.8 
CoPA 24.2 
 
Tanner et al. [64] demonstrated that the low apparent viscosity of a PANI 
complex in comparison to a polypropylene (PP) matrix favoured the formation 
of an electrically conductive network. In Figure 2.16a, the apparent viscosity 
of PP and PANI complex with three different concentrations of plasticiser was 
determined at different melt temperatures. The electrical conductivities of the 
PP/PANI blends prepared at different melt temperatures using 15 weight% of 
PANI complex with three different concentrations of plasticiser are presented 
in Figure 2.16b. It can be observed that the blends having a higher apparent 
viscosity PANI complex in comparison to polypropylene (PP) were insulative. 
Besides the viscosity ratio difference, the plasticiser in the PANI complex may 
act as compatibiliser and the increase in the plasticiser concentrations can 
facilitate the formation of conductive PANI network in the PP matrix.  
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Figure 2.16 a) Apparent viscosity of PP and PANI complex with three 
concentrations of plasticiser; b) Electrical conductivities of PP/ PANI 
blend at 15 weight% PANI dosage [re-constructed from ref 64]. 
 
Chao et al. [59] reported that an increase in shear rate induced a higher 
viscosity difference between a PANI complex and PP matrix which resulted in 
the elongation of PANI particles and higher electrical conductivity of the 
blends (Figure 2.17). It can be observed from figure 2.17 that the deformed 
length of PANI increased with shear rate until 80 rpm shear rate. This can be 
resulted from the orientation of PANI at high shear rate and not only due to 
the viscosity difference the PANI and PP. The interaction between the PANI 
and PP may affect the deformation of PANI particles.   
 
 
Figure 2.17 Electrical resistivities (Ohm.cm) of blends of PP/PANI 
blends, and deformed length of PANI particles [59]. 
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Segal et al. [82] suggested that the lower conductivity level was observed in a 
PS/PANI-DBSA blend prepared by melt mixing prior to compression moulding 
in comparison with just compression moulding, which was related to partial 
destruction of PANI-DBSA conductive network during the intensive dynamic 
melt mixing step.  
 
Significant progress has been made to facilitate the processing of doped PANI 
and improve the electrical conductivity of PANI blends by the following 
approaches:  
 
a) Addition of compatibiliser 
The dispersion of doped PANI in a thermoplastic matrix can be improved 
through compatibilisation. Zilberman et al. [77] reported that excess DBSA 
added in a LLDPE/PANI-DBSA blend acts as a compatibiliser, whereby the 
aliphatic chain of the DBSA is miscible with the aliphatic nonpolar LLDPE and 
the aromatic moiety of DBSA is miscible with the aromatic PANI. Yang et al. 
[62] investigated the addition of selected esters of gallic acid as 
compatibilisers which favoured the formation of a conducting network in 
blends of phosphoric acid ester doped PANI and low density polyethylene 
(LDPE) at lower percolation threshold. The presence of an alkyl substituent in 
the lauryl gallate facilitates the miscibility with LDPE. 
 
b) Addition of plasticiser 
The addition of an appropriate plasticiser which acts as a compatibiliser may 
enhance the dissolution of the doped PANI in hot melt and reduce the melt 
processing temperature of PANI blends [61]. Three main groups of feasible 
plasticizers have been identified that can strongly interact with acid doped 
PANI to enable it to become fusible [64–65, 82]: 1) Strong acids that are able 
to hydrogen bond to the acid doped PANI; 2) Compounds that are capable of 
coordination complexation to the nitrogens of the acid doped PANI; 3) 
Compounds that are capable of molecular recognition of the acid doped PANI, 
due to a sterically fitting combination of hydrogen bonding and phenyl 
stacking. 
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Narkis et al. [68] and Zilberman et al. [69] reported the use of dioctyl 
phthalate (DOP) as compatibiliser in blends of toluene sulphonic acid doped 
PANI and PS leading to improve conductivity of the blends. It is believed that 
the DOP molecule will tend to locate its aromatic and two ester groups near 
the PANI, while its two aliphatic chains facilitate its miscibility with PS. Morgan 
et al. [71] claimed that the use of hydroquinone plasticizers improved the 
blending and processing of PANI-DBSA with PMMA through hydrogen 
bonding and phenyl stacking. This allows for better charge transfer between 
the PANI chains leading to improve conductivity. 
 
c) Ternary PANI blend 
Some ternary PANI blends have been reported to have improved conductivity 
as compared to their binary blends, suggested to be due to the preferential 
location of the intrinsically conducting polymer in one phase of the blend 
components [63,69,83]. For example in the ternary blend consisting of PANI, 
DOP plasticised PS (PS/DOP), and CoPA, the PANI preferentially locates in 
the CoPA phase and forms a continuous PANI network in the CoPA phase 
[69]. Since CoPA and PS/DOP are immiscible, double percolations can be 
realised in the ternary blend where both PANI and CoPA continuities are 
present. This contributes to a low percolation threshold of PANI.   
 
d) Melt fusible doped PANI   
There is a strong driving force to develop a truly melt processable and fusible 
ICP to overcome the drawbacks of traditional conductive fillers when blended 
with thermoplastics.  
 
Souza et al. [75] claimed that the improvement in electrical conductivity of 
styrene-butadiene-styrene (SBS) block copolymer/PANI-DBSA blend by 
addition of cashew nut shell liquid (CNSL), was due to the secondary doping 
effect of CNSL. The role of the secondary dopant, CNSL created a strong 
interaction between the PANI backbone and its primary dopant, DBSA, which 
changed the molecular conformation of PANI.DBSA chains from “compact 
coil” to “expanded coil”. 
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Hartikainen et al. [84] reported comb-shaped supramolecules based on 
complexation between PANI-DBSA and zinc dodecylbenzenesulphonate 
(Zn(DBS)2) which self-organised as lamellar structures as shown in Figure 
2.18. This was due to the secondary doping effect of Zn(DBS)2 on the PANI 
backbone whereby the repulsion between the alkyl chains and polar moieties 
lead to a straightening effect of the PANI backbone and a plasticised complex 
[59]. The ordered structure created contributed to the improvement in 
electrical conductivity.  
 
 
Figure 2.18 Schematic illustrations: (a) the comb-shaped 
supramolecules based on complexation between PANI(DBSA)0.5 and 
Zn(DBS)2; (b) the lamellar self-organization of PANI-
(DBSA)0.5[Zn(DBS)2]0.5 [84]. 
 
PANIPOLTM technology was developed to produce truly melt processable and 
fusible conductive PANI based on the same compositions described by   
Hartikainen et al. [85–86]. The melt-processable polyaniline (PANI) selected 
in this research is based on the commercially available grade produced using 
PANIPOLTM technology.    
 
2.5 Melt-processed blends of IDP and thermoplastics 
Inherently dissipative polymer (IDP) was first introduced to overcome the 
disadvantages of migratory conductive additives which are non-permanent 
and humidity dependent [87]. The IDP generally consists of a hydrophilic and 
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hydrophobic block copolymer. The hydrophilic block is capable of ion 
conduction by complexing or solvating a salt of an inorganic or low molecular 
weight organic protonic acid. In order to have good conductivity, the glass 
transition temperature of the hydrophilic block needs to be lower than the 
ambient environment, which can cause a negative impact on the mechanical 
properties of IDP. The hydrophobic block serves as mechanical support and 
acts as a compatibiliser to certain degree.   
 
The morphology and electrical conductivity of IDP blends are affected by the 
dispersion IDP and its ability to form a co-continuous conductive network in 
the polymer matrix, and by their processing conditions [15,29,27,87–88].  An 
ideal morphology of the blend is a co-continuous interpenetrating polymer 
network as shown in Figure 2.19.  
 
                       
Figure 2.19 Morphology of co-continuous interpenetrating polymer 
network [27]. 
 
Kim et al. [27] observed that the volume resistance (109 Ω) in polypropylene 
(PP)/IDP blends was two orders of magnitude higher than blends with 
polyester, acrylic, and polyurethane (Figure 2.20). It was suggested by the 
authors that the incompatibility between the IDP and polypropylene lead to 
poor dispersion of IDP in the PP matrix. 
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Figure 2.20 Volume resistance of IDP blends [27]. 
 
Higuchi et al. [23] claimed that when the IDP is incompatible with the polymer 
matrix, it hardly formed a fibrous structure during processing and required a 
high IDP dosage to produce a conductive network in the polymer matrix. 
 
Grob et al. [87] reported that the IDP formed a filament structure in the 
polypropylene (PP)/IDP blend when processed above its melting temperature. 
This enabled the formation a co-continuous, interpenetrating network and low 
percolation threshold of IDP. From Figure 2.21, the black region showed the 
filaments structure of IDP after extraction.   
 
Based on the above reported findings [23,27,87], it can be summarised that 
the formation of a fibrous or filament structure in IDP would depend on the 
interaction between the IDP and the matrix polymer and the processing 
temperature of the conductive blends. The fibrous and filament structure can 
affect the dosage of IDP required to form the conductive network in the matrix 
polymer. 
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Figure 2.21 Optical micrograph of PP/IDP blend injection molded plaque 
after extraction of IDP (black region) [87]. 
 
Dahman [15] demonstrated that the use of different processing conditions 
gave rise to a significantly different morphology in the IDP blend. The 
morphology of IDP can change from finely dispersed droplets in a polymer 
matrix with one processing condition (Figure 2.22a) which is an insulative 
compound, to the formation of elongated co-continuous interpenetrating 
polymer network (Figure 2.22b) with another processing condition which 
produces good conductivity. This could be due to the viscosity difference 
between the IDP and the polymer at different processing temperatures or 
shear stress.    
 
Besides the viscosity difference, the compatibility between the IDP and the 
matrix polymer could affect the formation of conductive network. In Figure 
2.22a, the finely dispersed droplet morphology observed could be due to the 
lower processing temperature which is below the melting temperature of the 
IDP. 
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Figure 2.22 TEM of IDP blend showing (a) finely dispersed droplet 
morphology; (b) elongated co-continuous interpenetrating polymer 
network [15]. 
 
Lee et al. [88] adopted a two-step processing method to produce IDP blends 
which improved both electrical and mechanical properties, by melt blending 
IDP with additives such as antioxidant and processing aid, followed by melt 
blending with the polymeric matrix. This phenomenon could be due to phase 
inversion mechanism whereby the minor component IDP was melted to 
become the continuous phase at the initial stage, followed by the addition of 
polymer matrix subsequently resulted in the formation of a co-continuous 
interpenetrating polymer network.   
 
There are various concepts reported [89–93] that can be used improve the 
ionic conductivity of the IDP and its blends. Kobayashi et al. [89] reported that 
the addition of sodium iodide (NaI) improved the conductivity in blends of 
poly(ethylene terephthalate) (PET) and poly(ether esteramide) (PEEA). The 
NaI, which functioned as an ion source was only effective when the PEEA 
formed a conductive network in PET. The addition of Na-neutralised 
poly(ethylene-co-methacrylic acid) (E/MAA) copolymer was reported to 
enhance the conductivity of the IDP blends due to the encapsulation of Na-
neutralised E/MMA by the IDP which increased the net surface area of IDP.  
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Rocco et al. [90] suggested that the ionic conductivity of the PEO based 
polymer electrolyte can be improved by blending with miscible and non-
crystalline poly(methyl vinyl ether-maleic acid) (PMVE-Mac) which can inhibit 
the crystallisation of PEO. 
  
Yang et al. [91] reported that various low molecular weight plasticisers such 
as poly(ethylene glycol) (PEG), monomethoxy poly(ethylene glycol) 
(MMPEG), dimethyl poly(ethylene glycol) (DMPEG), and lithium treated 
poly(ethylene glycol) (LPEG) incorporated into poly(ethylene oxide) (PEO) 
improved the ionic  conductivity of LiCF3SO3-PEO polymer electrolyte (Figure 
2.23). Kelly [92] claimed that the improvement in the conductivity of 
LiCF3SO3-PEO polymer electrolyte by the addition of dimethoxy poly(ethylene 
glycol) (DMPEG) was due to the partial dissolution of the crystalline PEO and 
the plasticisation of the amorphous phase which increased the segmental 
motion of PEO and mobility of ions. 
 
 
Figure 2.23 Dependence of conductivity on temperature in 
LiCF3SO3(0.5PEO + 0.5Y)9 films with different plasticisers [91]. 
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Bandara et al. [93] suggested that the effectiveness of plasticisers depends 
on their structure, molecular weight, viscosity, dielectric constant, polymer-
plasticiser interaction, and plasticiser-ion coordination. The authors postulated 
the existence of separate ionic pathways for the migration of free Li ions 
through the plasticiser to explain the improvement in the ionic conductivity of 
LiCF3SO3-PEO polymer electrolyte by the addition of ethylene or propylene 
carbonate. 
 
2.6 Characterisation and properties of polymer blends 
2.6.1 Thermal analysis of blends 
Differential Scanning Calorimetry (DSC) is a widely used method in the 
analysis of polymer blends. Shanks et al. [94] presented a general scheme for 
classification of polymer blends as a function of DSC response as shown in 
Figure 2.24. 
 
 
 
Figure 2.24 Classification chart for polymer blends as a function of DSC 
response [94]. 
 
In amorphous polymer blends, the shift in the glass transition temperature 
(Tg) is commonly used for determining blend miscibility. In binary blends of 
amorphous polymers, the observation of a single Tg between the Tgs of the 
components indicates complete miscibility. In cases where the blends are 
partially miscible, the Tgs of the individual blend components will be observed 
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to be shifting towards each other. When the polymers are immiscible, the Tgs 
of the blend components will remain unchanged. 
 
As an example, in the thermal analysis of poly(ether imide)/polycarbonate 
(PEI/PC) blends, Chun et al. [95] observed that the glass transition 
temperature of the PEI-rich phase decreased at the higher PEI weight fraction 
and a maximum 6 oC decrease occurred at 90 weight percent of PEI as 
observed in Figure 2.25, indicating that the blends were partially miscible. 
 
 
 
Figure 2.25 DSC traces showing the glass transition temperature (Tg) of 
various composition of PEI/PC blends [96]. 
 
In blends containing at least one crystalline component, the presence of a 
non-crystallisable component can have significant influence on the 
crystallisation behaviour. When the crystalline polymer is the minor 
component of the blend, it will be finely dispersed in the amorphous polymer 
matrix. Generally, the crystallinity of the dispersed crystalline polymer phase 
tends to be lower than its virgin polymer. This phenomenon is known as 
fractionated crystallization [96–100]. Fractional crystallisation is manifested by 
the observation of multiple crystallisation behaviour of the dispersed 
crystalline phase when DSC is performed on immiscible blends. This is due to 
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changes in the nucleation mechanism of the crystallisable component 
whereby the nucleation changes from preferentially heterogeneous to 
preferentially homogeneous as the size of the dispersed phase decreases.   
 
Santana et al. [97] observed this fractionated crystallisation phenomenon in 
blends of crystalline polypropylene (PP) and amorphous polystyrene (PS). He 
claimed that if the PP is the major component in the blend, its crystallisation 
behaviour is not affected as shown in Figure 2.26. If the PP is the minor 
component and is finely dispersed in the PS matrix, the nucleation 
mechanism of the PP changes from predominantly heterogeneous (exotherm 
I of Figure 2.26) to predominantly homogeneous (exotherm II of Figure 2.26), 
so long as the dispersed PP droplets are below a critical value (in the order of 
1–2μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.26 DSC cooling curves for PP/PS blends at the indicated 
compositions [re-constructed from ref 97]. 
 
DSC can also be used to study the miscibility between two crystalline polymer 
blends. The depression of the melting temperature (Tm) of a crystalline 
polymer in a polymer blend provides important information about its miscibility 
and its associated polymer-polymer interaction parameter χ12. The melting 
point depression is caused by thermodynamic depression arising from 
reduction in the chemical potential due to the presence of the polymeric 
solvent. When two polymers are miscible in the melt, the chemical potential of 
I 
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the crystallisable polymer is decreased due to the addition of the second 
component. This leads to a reduction in the equilibrium melting temperature 
with increasing amorphous content, especially in blends containing specific 
interactions between the blend components. Li et al. [101] observed the 
gradual reduction of the Tm of LLDPE with increase of the EVA component, 
indicating the blends were partially miscible. 
 
2.6.2 Microscopy of blends 
The main application of microscopy in polymer blends is to study their 
morphology [102]. It is well known that the properties of polymer blends (e.g., 
mechanical, rheological, optical, barrier, and dielectrical properties) are 
closely related to the state of dispersion or blend morphology which describes 
the size, shape, and spatial distribution of the component phases with respect 
to each other. Thus, the characterisation of the morphology of phase 
separated blends is the key to understanding structure-property relationships. 
Figure 2.27 shows schematically various useful polymer blend morphologies 
that correlate to their end properties such as toughness, stiffness, good 
barrier, high flow, and high electrical conductivity [103].  
 
 
Figure 2.27 Schematic of useful morphologies of polymer blends [103]. 
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Table 2.5 lists the three main types of microscopic methods, categorised by 
their magnification and resolution: optical or light microscopy (OM), scanning 
electron microscopy (SEM), and transmission electron microscopy (TEM). In 
OM, there are various imaging methods such as phase contrast, polarised 
light, bright-dark field, and interference microscopy. However the use of OM is 
often limited by its resolution and researchers routinely defer to the high 
magnification techniques like SEM and TEM. 
 
Table 2.5 Microscopic Methods [102]. 
No. Parameter Units 
Optical 
Microscopy 
(OM) 
Scanning 
Microscopy 
(SEM) 
Transmission 
Microscopy 
(TEM) 
1 Magnification (times) 
x 
1 to 500 10 to 105 102 to 5.106 
2 Resolution nm 500 to 1000 5 to 10 0.1 to 0.2 
3 Dimensionality - 2 to 3 3 2 
4 Field depth µm ~ 1 (at high 
magn.) 10 to 100 ~ 1 
5 Field size µm 103 to 105 1 to 104 0.1 to 100 
6 Specimen - Solid or liquid solid solid 
 
Notes:  
No. 1 total range of available magnification within each category; 
No. 2 finest detail the microscope can resolve; 
No. 3 nearly planar vision (2 dimensions) in TEM and at high resolution OM; 
No. 4 ability to discern details perpendicular to the field direction; 
No. 5 the diagonal size of field under observation; 
No. 6 only OM allows observation of liquid/liquid phase changes.  
  
2.6.3 Mechanical properties of blends 
Blends of immiscible polymers may assume phase morphologies ranging from 
random dispersions to the highly structured laminates of films as shown in 
Figure 2.27. Generally the major blend component that has the largest volume 
fraction is usually the continuous phase while the minor component is usually 
a dispersed second phase forming a distinct interfacial boundary with the 
matrix polymer. High interfacial tension of the blends results in the formation 
of coarse and unstable phase morphologies with poor interfacial adhesion.  
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Often the ultimate strength and deformation of these blends may be lower 
than that of either pure component in the mixture due to poor adhesion 
between the phases. Fracture may initiate at the blend interface as the 
inclusion of an immiscible phase in the matrix of another can cause very 
significant stress concentrations. In order to ascertain high performance of 
immiscible blends, compatibilisation is required through the action of block or 
graft copolymers that facilitates fine dispersion and enhancement of interfacial 
adhesion giving blends with improved mechanical properties [105]. 
Mechanical testing can be used to evaluate the compatibility of polymer 
blends by comparing blends both with and without compatibilisation [104–
108]. Two types of mechanical tests are commonly used: low rate of 
deformation (in a tensile, compressive, or bending mode), and high rate 
impact tests.  
 
The low rate mechanical properties of polymer blends have been frequently 
used to discriminate between different formulations or methods of preparation 
[107]. Tensile elongation at break is sensitive to the adhesion strength 
between blend components and has been used extensively for evaluating the 
degree of compatibilisation [109–112]. Paul et al. [110] demonstrated using 
the stress-strain curves for LDPE/PVC and HDPE/PVC blends with and 
without chlorinated polyethylene compatibilisers, the transformation of brittle 
unmodified LDPE/PVC and HDPE/PVC blends into very ductile blends (Figure 
2.28). 
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Figure 2.28 Effect of chlorinated polyethylene (CPE) on stress-strain 
curves for polyethylene-PVC blends [110]. 
 
High rate impact tests can be used to quantify the toughness of polymers. 
These usually involve the delivery of a sharp blow by either a hammer or by a 
projectile propelled at the polymer or dropped on it. Commonly used impact 
test methods include Izod impact tests, Charpy impact tests, tensile impact 
tests and falling weight impact tests [113]. In the compatibilisation of notch 
sensitive polymer blends, Tsai [114] and Shieh et al. [115] reported that 
unnotched izod impact strength was more appropriate in differentiating 
changes in toughness of blends.  
 
Lim [116] reported that combining low rate tensile testing and high rate Izod 
impact testing creates a useful tool for evaluating the efficiency of blend 
compatibilisation and the mechanism of rubber toughening.  
 
2.6.4 Electrical properties of blends 
Any ideal conductors will obey Ohm’s law, which states that the current (I) 
passing through a conductor between two points is directly proportional to the 
applied voltage (V) and inversely proportional to the resistance (R) between 
them. Mathematically Ohm’s law can be written as:   
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 e = LV                                    (2.18) 
 
The electrical resistivity (O) is the electrical resistance of a body of unit length 
and unit cross-sectional area and can be defined as: 
 
O = : Wf               (2.19) 
 
where A is the cross-section area of the conductor measured in square meter; 
L is the length of the conductor measured in meter. Substituting equation 2.18 
into equation 2.19 yields: 
 
O =
L fJ
g WJ
= hi                                             (2.20) 
 
where E is the magnitude of the electric field measured in volts per meter; J is 
the magnitude of the current density measured in amperes per square meter. 
 
The electrical resistance determines the ability of a material to dissipate 
electric charge over time. Electrical resistivity is a material property and 
determines the rate of charge dissipation and the magnitude of static charge 
field shielding. The inverse of the resistance and resistivity are conductance 
and conductivity respectively. Electrical conductivity measurement is still the 
most sensitive method to monitor the continuity of conductive blends 
[60,64,68,82]. 
 
2.7 Summary 
Based on the survey of blends containing ICP, there has been significant 
progress in the development of ICPs to improve their processability. The initial 
ICPs [19] are infusible and have to be processed like a conductive filler. The 
functionalisation of ICPs by the addition of moderately long side chains 
[49,53,54] renders the ICPs soluble in some organic solvents for solution 
processed with thermoplastics. However these ICP blends require post 
doping processes in order to be conductive. The doping of PANI with 
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functionalised protonic acid such as DBSA [55-57] allows the ICP to be 
solution-processed in its conductive form without the need of post doping 
processes. However, solution method is not suitable for mass production of 
packaging materials and may possess risks of having residual solvents in the 
packaging materials that can possibly contaminate the electronic components 
inside the packaging.  
 
Various methods have been investigated to facilitate the melt processing of 
doped PANI and improve the electrical conductivity of PANI blends by the 
addition of compatibilisers [62,77], plasticisers [61,64-65,68-69,71,82] and the 
preparation of ternary PANI blends [63,69,83]. On the other hand, poor 
thermal stability of dopants in ICPs often limits their application in melt 
processed blends. Other problems associated with melt blending of ICPs with 
thermoplastics are their sensitivity to the solubility parameters and the 
viscosity ratio between the ICPs and the matrix polymers; the composition of 
the ICPs in the matrix polymers; and the level of shear and time experienced 
during melt mixing [59,61,64,69,77,82]. These are critical conditions that can 
affect the dispersion quality of the ICPs in the matrix polymers and the 
electrical conductivity of the blends.  
 
To date, most of the works conducted on the IDP blends [15,27,29,87-89]  
focused mainly on the influence of processing conditions on the electrical 
conductivity of the IDP blends. polyether-amide block copolymer type IDP 
which is commonly used in the industry for the improving the conductivity of 
thermoplastics often require high processing temperatures in order to obtain 
ideal conductive networks for improved electrical conductivity which possess 
risks of thermal degradation of the matrix polymers during processing. 
Therefore, a low melting IDP would be ideal for rapid melting and adequate 
mixing during melt processing to form ideal conductive networks with 
enhanced electrical conductivity with vast variety of thermoplastics. 
 
In this research, the focus is on melt-processed conductive styrenic blends 
which are widely used as packaging materials for electronic applications. 
Table 2.6 summarises the conductivities of melt-processed blends of 
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polymeric conductive additive with styrenic thermoplastics. It can be observed 
from Table 2.6 that the typical dosage of polymeric conductive additives are 
around 15-20 wt% but the optimal volume resistance range of ≥ 1.0x106 to < 
1.0x109 Ω.cm required for electronic packaging applications is still not 
achievable using IDP. Therefore, there is a need for an ideal low melting IDP 
that can facilitate the melt processing and can be further modified with 
plasticisers or compatibilisers to achieve the optimal volume resistance range 
in the IDP blends. One such potential candidate is the polyether-olefin block 
copolymer (PEO-PO) type IDP. 
 
Table 2.6 Summary of conductivities of melt-processed blends of 
polymeric conductive additives with styrenic thermoplastics [34] 
 
Conductive polymer 
blends 
Concentration of 
polymeric conductive 
additives (wt%) 
Electrical Resistivity 
(Ohm.cm) 
Polystyrene/IDP 12 – 17  1011 
Polystyrene/PANI 20 106 
Acrylonitrile Butadiene 
Styrene/IDP 15 10
11
 
Styrene Butadiene/PANI 15 105 
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CHAPTER 3: EXPERIMENTAL 
 
This research was carried out in 2 main stages. The initial stage of the work 
which is discussed in Chapters 4 and 5 involved the evaluation of conductive 
styrenic blends prepared by using two types of polymeric conductive 
additives: ICP based on melt-processable polyaniline (PANI), and IDP based 
on polyether-olefin block copolymer (PEO-PO) blended with 4 types of 
styrenic thermoplastics: polystyrene (PS), styrene-butadiene copolymer (SB), 
styrene-acrylonitrile (SAN), and acrylonitrile-butadiene-styrene terpolymer 
(ABS).  
 
The second stage of the research work which is discussed in Chapter 6 
involved the modification of PEO-PO using polyethylene glycol (PEG) of 
different molar mass for improvement in conductivity. The modified IDP 
selected was subsequently blended with PS and SAN for evaluation of 
electrical, thermal, morphological and mechanical properties. 
 
This chapter describes the raw materials used, approaches in processing of 
the blends, and also discusses the experimental techniques employed in 
characterisation of the blends. 
 
3.1 Materials 
The raw materials used in this research are categorised into the following 
main groups: 
• Polymeric conductive additives 
• Matrix polymers 
• Plasticisers 
• Compatibiliser  
 
a) Polymeric conductive additives 
Two types of polymeric conductive additives: ICP based on melt-processable 
polyaniline (PANI), and IDP based on polyether-olefin block copolymer (PEO-
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PO) were selected for blending with 4 types of styrenic matrix polymers. 
Details of these two polymeric conductive additives are shown in Table 3.1. 
 
Table 3.1 Polymeric conductive additives 
Type ICP IDP 
Trade Name PanipolTM CXH Pelestat 300 
Abbreviation PANI PEO-PO 
Supplier Panipol Oy Sanyo Chemical Industries, Ltd 
Chemical 
Composition 
Polyaniline salt ≈ 25wt%; 
Organometallic zinc compound 
≈ 75wt%  
Polyether-olefin block 
copolymer 
Specific Gravity 1.18 1.00 
Volume 
Resistance 
(Ohm) 
1.1E+4 8.3E+6 
 
b) Matrix polymers 
Four types of styrenic thermoplastics namely polystyrene (PS), styrene-
butadiene copolymer (SB), styrene-acrylonitrile (SAN), and acrylonitrile-
butadiene-styrene terpolymer (ABS) were evaluated. Details of these matrix 
polymers are shown in Table 3.2. 
 
Table 3.2 Matrix polymers 
Trade Name Styron 666H K-Resin KR03 Sanrex 02495 
Terluran 
GP35 
Abbreviation PS SB SAN ABS 
Supplier Dow Chemical Philips Chemical 
Techno 
Polymer 
BASF 
Corporation 
Chemical 
Composition Polystyrene 
Styrene-
Butadiene 
copolymer 
Styrene-
Acrylonitrile 
copolymer 
Acrylonitrile-
Butadiene-
Styrene 
terpolymer 
Melt Flow Rate 
(200oC/5kg) 8.0 g/10min 7.5 g/10min 2.5 g/10min 14.8 g/10min 
Specific 
Gravity 1.04 1.01 1.08 1.04 
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c) Plasticisers  
Three grades of PEG with different molar mass were used as plasticisers for 
the modification of PEO-PO. The chemical formula of PEG is 
HO(CH2CH2O)nH whereby the molar mass depends on the number of glycol 
units (n). Details of the PEGs are shown in Table 3.3. 
 
Table 3.3 Grades of PEG used 
Trade Name 400 4000 P 35000 S 
Abbreviation PEG-8 PEG-90 PEG-800 
Molar Mass (g/mol) 380 – 420  3700 – 4400  ~35000 
Physical Form Liquid Solid Solid 
Manufacturer Merck Clariant Clariant 
 
d) Compatibiliser 
The method employed for the compatibilisation of plasticised PS/IDP blend 
was by addition of a block copolymer [45] based on styrene/ethylene-
butylene/styrene (SEBS). Details of the SEBS are shown in Table 3.4.   
 
Table 3.4 Grade of SEBS used 
Trade Name Kraton G1651 H 
Abbreviation SEBS 
Styrene / Rubber Ratio 33 / 67 
Shore A Hardness 60 
Specific Gravity 0.91  
Manufacturer Kraton Performance Polymers 
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3.2 Processing of polymer blends  
This section covers the compounding and injection moulding processes used 
for preparation of blends for this research. Table 3.5 summarises the 
preparation methods of all the blends used for this research. The sample 
compositions of these blends are listed according to the compounding (Tables 
3.6–3.9, 3.11, 3.14–3.15) or injection moulding (Tables 3.18–3.21, 3.24–3.25) 
processes used during sample preparation. All the test specimens are 
prepared via injection moulding unless otherwise stated. 
 
Table 3.5 Summary of blends preparation 
Chapter Blends Blends Preparation 
4 Styrenic/PANI Compounding 
5 Styrenic/IDP Direct injection moulding 
6 
PEO-PO/PEG Compounding 
PEO-PO/PEG/SEBS Compounding 
Styrenic/modified IDP 
Direct injection moulding 
Compounding 
Styrenic/ IDP Compounding 
Compatibilised 
Styrenic/modified IDP Direct injection moulding 
 
 
3.2.1 Compounding 
The compounding process was carried out using a laboratory scale 27mm 
diameter co-rotating twin screw extruder, Leistritz ZSE27HP, with a length to 
diameter (L/D) ratio of 44:1 as shown schematically in Figure 3.1, which 
includes its detailed screw configuration. The melt strands were pulled from 
the die head into a water bath for cooling and subsequently passing through 
an air blower for drying and into a pelletiser which converts the strands into 
cylindrical shaped pellets. 
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Figure 3.1 Schematic representation of Leistritz ZSE27HP laboratory 
twin screw extruder with detailed screw configuration. 
 
In chapter 4 of this thesis, the styrenic/PANI blends were prepared by 
compounding. The PANI was side fed from Zone 6 (Z6) of the extruder via a 
gravimetric feeder in order to minimise the possibility of thermal degradation 
of PANI. A vacuum pump was coupled to the venting Zone 9 (Z9) of the 
extruder for removal of volatiles produced during compounding. The 
styrenic/PANI blend compositions are presented in Tables 3.6 to 3.9. 
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Table 3.6 Binary blends of PS/PANI prepared by compounding 
Sample 
Code 
Binary blend Compositions 
PS (wt%) PANI (wt%) 
PS01 97.5 2.5 
PS02 95.0 5.0 
PS03 92.5 7.5 
PS04 85.0 15.0 
PS05 75.0 25.0 
PS06 65.0 35.0 
 
 
Table 3.7 Binary blends of SB/PANI prepared by compounding 
Sample 
Code 
Binary blend Compositions 
SB (wt%) PANI (wt%) 
SB01 97.5 2.5 
SB02 95.0 5.0 
SB03 92.5 7.5 
SB04 85.0 15.0 
SB05 75.0 25.0 
SB06 65.0 35.0 
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Table 3.8 Binary blends of SAN/PANI prepared by compounding 
Sample 
Code 
Binary blend Compositions 
SAN (wt%) PANI (wt%) 
SAN01 97.5 2.5 
SAN02 95.0 5.0 
SAN03 92.5 7.5 
SAN04 85.0 15.0 
SAN05 75.0 25.0 
SAN06 65.0 35.0 
 
 
Table 3.9 Binary blends of ABS/PANI prepared by compounding 
Sample 
Code 
Binary blend Compositions 
ABS (wt%) PANI (wt%) 
ABS01 97.5 2.5 
ABS02 95.0 5.0 
ABS03 92.5 7.5 
ABS04 85.0 15.0 
ABS05 75.0 25.0 
ABS06 65.0 35.0 
 
The processing conditions applied for the compounding of styrenic/PANI 
blends are presented in Table 3.10.  
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Table 3.10 Compounding conditions for styrenic/PANI binary blends. 
Heating zones of extruder PS/PANI SB/PANI SAN/PANI ABS/PANI 
Z1 (main feed) 
Ex
tr
u
de
r 
te
m
pe
ra
tu
re
 
pr
o
fil
e 
(°C
) 
100 100 100 100 
Z2 200 200 200 200 
Z3 200 200 200 200 
Z4 200 200 200 200 
Z5 200 200 200 200 
Z6 (side feed) 200 200 200 200 
Z7 200 200 200 200 
Z8 200 200 200 200 
Z9 (Vacuum) 200 200 200 200 
Z10 200 200 200 200 
Flange 200 200 200 200 
Die Head 1 200 200 200 200 
Die Head 2 200 200 200 200 
Melt Temperature 203 206 203 200 
Screw Speed (rpm) 300 300 300 300 
Torque (%) 59-67 43-55 59-67 49-67 
 
In first part of chapter 6 of this thesis, the PEO-PO/PEG blends were prepared 
by compounding. All the raw components were pre-blended in a plastic bag 
by hand before dosing into the main feed of the extruder. The PEO-PO/PEG 
blend compositions are presented in Table 3.11. 
 
Table 3.11 Binary blends of PEO-PO/PEG prepared by compounding 
Sample 
Code Sample Composition 
Binary blend Compositions 
PEO-PO (wt%) PEG (wt%) 
P8-10 PEO-PO/PEG-8 90 10 
P8-20 PEO-PO/PEG-8 80 20 
P90-10 PEO-PO/PEG-90 90 10 
P90-20 PEO-PO/PEG-90 80 20 
P800-10 PEO-PO/PEG-800 90 10 
P800-20 PEO-PO/PEG-800 80 20 
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In the second part of chapter 6 of this thesis, the SEBS compatibiliser was 
blended with P8-20 by compounding, and the blend compositions are 
presented in Table 3.12. All the raw components were pre-blended in a plastic 
bag by hand before dosing into the main feed of the extruder. 
 
Table 3.12 Blends of P8-20 with compatibiliser prepared by 
compounding 
 
Sample Composition 
Binary blend Compositions 
PEO-PO (wt%) PEG (wt%) SEBS (wt%) 
P8-20/SEBS 68 16 16 
 
The processing conditions applied for the compounding of PEO-PO/PEG and 
the P8-20/SEBS blends are presented in Table 3.13.  
 
Table 3.13 Compounding conditions for PEO-PO/PEG and P8-20/SEBS 
blends. 
 
Heating zones of 
extruder 
Sample Codes 
P8-10 P8-20 P90-10 P90-20 P800-10 P800-20 P8-20/ SEBS 
Z1 (main feed) 
Ex
tr
u
de
r 
te
m
pe
ra
tu
re
 
pr
o
fil
e 
(°C
) 
60 60 60 60 60 60 60 
Z2 150 150 150 150 150 150 150 
Z3 170 170 170 170 170 170 170 
Z4 170 170 170 170 170 170 170 
Z5 170 170 170 170 170 170 170 
Z6 (side feed) 170 170 170 170 170 170 170 
Z7 170 170 170 170 170 170 170 
Z8 170 170 170 170 170 170 170 
Z9 (Vacuum) 170 170 170 170 170 170 170 
Z10 170 170 170 170 170 170 170 
Flange 170 170 170 170 170 170 170 
Die Head 1 170 170 170 170 170 170 170 
Die Head 2 170 170 170 170 170 170 170 
Melt 
Temperature 170 170 170 170 170 170 170 
Screw Speed (rpm) 300 300 300 300 300 300 300 
Torque (%) 10 10 11 8 12 11 10 
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The compounding of selected styrenic/IDP blends for comparison with direct 
injection moulded styrenic/IDP blends followed the same procedure as 
styrenic/PANI blends. The IDP was side fed from Zone 6 (Z6) of the extruder 
via a gravimetric feeder in order to minimise the possibility of thermal 
degradation of IDP. A vacuum pump was coupled to the venting Zone 9 (Z9) 
of the extruder for removal of volatiles produced during compounding. The 
styrenic/IDP blend compositions are presented in Tables 3.14 and 3.15. 
 
Table 3.14 Binary blends of PS/IDP prepared by compounding 
Sample 
Code 
Binary blend Compositions 
PS (wt%) PEO-PO (wt%) P8-20 (wt%) 
PS11A 75 25 - 
PS13A 69 - 31 (25*) 
*Active PEO-PO concentration 
 
Table 3.15 Binary blends of SAN/IDP prepared by compounding 
Sample 
Code 
Binary blend Compositions 
SAN (wt%) PEO-PO (wt%) P8-20 (wt%) 
SAN11A 75 25 - 
SAN13A 69 - 31 (25*) 
*Active PEO-PO concentration 
 
The processing conditions applied for the compounding of styrenic/IDP blends 
are presented in Table 3.16.  
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Table 3.16 Compounding conditions for P8-20/SEBS and styrenic/IDP 
blends. 
 
Heating zones of extruder 
Sample Codes 
PS11A PS13A SAN11A SAN13A 
Z1 (main feed) 
Ex
tr
u
de
r 
te
m
pe
ra
tu
re
 
pr
o
fil
e 
(°C
) 
60 60 60 60 
Z2 200 200 200 200 
Z3 200 200 200 200 
Z4 200 200 200 200 
Z5 200 200 200 200 
Z6 (side feed) 200 200 200 200 
Z7 200 200 200 200 
Z8 200 200 200 200 
Z9 (Vacuum) 200 200 200 200 
Z10 200 200 200 200 
Flange 200 200 200 200 
Die Head 1 200 200 200 200 
Die Head 2 200 200 200 200 
Melt Temperature 200 200 200 200 
Screw Speed (rpm) 300 300 300 300 
Torque (%) 38 47 38 46 
 
 
3.2.2 Injection moulding 
All tensile and Izod impact test bars, and round plaques used for electrical 
resistance measurements were injection moulded using a 60 ton Nissei PS-
60E9A injection moulding machine shown schematically in Figure 3.2. The 
mould of the injection moulding machine was water cooled and controlled 
between 25oC and 35oC. 
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Barrel Temperature Zones 
Nozzle Front Middle Rear 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Schematic representation of Nissei PS-60E9A injection 
moulding machine.  
 
For experiments reported in chapter 4 of this thesis, the test specimens of the 
compounded styrenic/PANI blends shown in Tables 3.6 to 3.9 were prepared 
by injection moulding. Prior to injection moulding, the materials were dried in a 
dehumidifier at 80°C for 6 hours. The injection mou lding conditions used for 
preparing the test specimens of compounded styrenic/PANI blends are 
presented in Table 3.17.  
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Table 3.17 Injection moulding conditions for styrenic/PANI blends  
Operating parameters 
styrenic/PANI blends 
PS/PANI SB/PANI SAN/PANI ABS/PANI 
Barrel temperature settings 
Rear Zone (feed) °C 200 200 200 200 
Middle Zone  °C 200 200 200 200 
Front Zone °C 200 200 200 200 
Nozzle °C 200 200 200 200 
Machine settings 
Shot size  mm 30 – 40 35 – 45  25 – 35 25 – 35 
Screw back after 
dosing mm 3 3 3 3 
Injection speed % 30 30 30 30 
Plasticising speed % 80 60 80 80 
Injection pressure % 30 30 20 30 
Holding pressure % 30 30 20 30 
Back pressure kgf/cm2 20 20 20 30 
Injection time s 5 8 5 5 
Holding time s 2 2 2 2 
Cooling time s 18 25 15 18 
 
For experiments reported in chapter 5 of this thesis, the styrenic/IDP blends 
were prepared by direct injection moulding. The styrenic/PEO-PO blend 
compositions are presented in Tables 3.18 to 3.21. 
 
Table 3.18 Binary blends of PS/PEO-PO prepared by injection moulding 
Sample 
Code 
Binary blend Compositions 
PS (wt%) PEO-PO (wt%) 
PS07 97.5 2.5 
PS08 95.0 5.0 
PS09 92.5 7.5 
PS10 85.0 15.0 
PS11 75.0 25.0 
PS12 65.0 35.0 
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Table 3.19 Binary blends of SB/PEO-PO prepared by injection moulding 
Sample 
Code 
Binary blend Compositions 
SB (wt%) PEO-PO (wt%) 
SB07 97.5 2.5 
SB08 95.0 5.0 
SB09 92.5 7.5 
SB10 85.0 15.0 
SB11 75.0 25.0 
SB12 65.0 35.0 
 
Table 3.20 Binary blends of SAN/PEO-PO prepared by injection 
moulding 
Sample 
Code 
Binary blend Compositions 
SAN (wt%) PEO-PO (wt%) 
SAN07 97.5 2.5 
SAN08 95.0 5.0 
SAN09 92.5 7.5 
SAN10 85.0 15.0 
SAN11 75.0 25.0 
SAN12 65.0 35.0 
 
Table 3.21 Binary blends of ABS/PEO-PO prepared by injection 
moulding 
Sample 
Code 
Binary blend Compositions 
ABS (wt%) PEO-PO (wt%) 
ABS07 97.5 2.5 
ABS08 95.0 5.0 
ABS09 92.5 7.5 
ABS10 85.0 15.0 
ABS11 75.0 25.0 
ABS12 65.0 35.0 
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The pellets of PEO-PO and individual matrix polymers were dried in a 
dehumidifier at 80°C for 6 hours. Prior to injectio n moulding, the materials 
were dry blended homogeneously in a plastic bag by hand. The processing 
conditions used for moulding the test specimens are presented in Table 3.22. 
 
Table 3.22 Injection moulding conditions for styrenic/ PEO-PO blends  
Operating parameters 
styrenic/PEO-PO blends 
PS/  
PEO-PO 
SB/  
PEO-PO 
SAN/ 
PEO-PO 
ABS/ 
PEO-PO 
Barrel temperature settings 
Rear Zone (feed) °C 200 200 200 200 
Middle Zone  °C 200 200 200 200 
Front Zone °C 200 200 200 200 
Nozzle °C 200 200 200 200 
Machine settings 
Shot size  mm 30 – 40 35 – 45  25 – 35 25 – 35 
Screw back after 
dosing mm 3 3 3 3 
Injection speed % 30 30 30 30 
Plasticising speed % 80 60 80 80 
Injection pressure % 30 30 20 30 
Holding pressure % 30 30 20 30 
Back pressure kgf/cm2 20 20 20 30 
Injection time s 5 8 5 5 
Holding time s 2 2 2 2 
Cooling time s 18 25 15 18 
 
In the first part of chapter 6 of this thesis, the test specimens of the 
compounded PEO-PO/PEG blends shown in Table 3.11 were prepared by 
injection moulding. Prior to injection moulding, the materials were dried in the 
dehumidifier at 80°C for 6 hours. The processing co nditions used for moulding 
the test specimens of compounded PEO-PO/PEG blends are presented in 
Table 3.23. 
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Table 3.23 Injection moulding conditions for PEO-PO/PEG blends  
Operating parameters P8-10 P8-20 P90-10 P90-20 P800-10 P800-20 
Barrel temperature settings 
Rear Zone (feed) °C 160 160 160 160 160 160 
Middle Zone  °C 170 170 170 170 170 170 
Front Zone °C 170 170 170 170 170 170 
Nozzle °C 180 180 180 180 180 180 
Machine settings 
Shot size  mm 23 23 23 23 23 23 
Screw back after 
dosing mm 3 3 3 3 3 3 
Injection speed % 20 20 20 20 20 20 
Plasticising speed % 50 50 50 50 50 50 
Injection pressure % 20 20 20 20 20 20 
Holding pressure % 20 20 20 20 20 20 
Back pressure kgf/cm2 15 15 15 15 15 15 
Injection time s 5 5 5 5 5 5 
Holding time s 2 2 2 2 2 2 
Cooling time s 20 20 20 20 20 20 
 
In the second part of chapter 6 of this thesis, the styrenic/P8-20 blends were 
prepared by direct injection moulding process. The styrenic/P8-20 blend 
compositions are presented in Tables 3.24 and 3.25. 
 
Table 3.24 Binary blends of PS/P8-20 by injection moulding 
Sample 
Code 
Binary blend Compositions 
PS (wt%) P8-20 (wt%) P8-20/SEBS (wt%) 
PS13 69 31 (25*) - 
PS14 63 - 37 (25*) 
*Active PEO-PO concentration 
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Table 3.25 Binary blends of SAN/P8-20 prepared by injection moulding 
Sample 
Code 
Binary blend Compositions 
SAN (wt%) P8-20 (wt%) 
SAN13 69 31 (25*) 
*Active PEO-PO concentration 
 
The pellets of P8-20 and individual matrix polymers were dried in the 
dehumidifier at 80°C for 6 hours. Prior to injectio n moulding, the materials 
were dry blended homogeneously in a plastic bag by hand. The processing 
conditions used for moulding of the test specimens are presented in Table 
3.26. 
 
Table 3.26 Injection moulding conditions for styrenic/ P8-20 blends  
Operating parameters PS13 PS14 SAN13 
Barrel temperature settings 
Rear Zone (feed) °C 200 200 200 
Middle Zone  °C 200 200 200 
Front Zone °C 200 200 200 
Nozzle °C 200 200 200 
Machine settings 
Shot size  mm 30 – 40 30 – 40 30 – 40 
Screw back after 
dosing mm 3 3 3 
Injection speed % 80 80 80 
Plasticising speed % 80 80 80 
Injection pressure % 20 20 20 
Holding pressure % 20 20 20 
Back pressure kgf/cm2 15 15 15 
Injection time s 5 5 5 
Holding time s 2 2 2 
Cooling time s 20 20 20 
70 
 
The test specimens of the compounded styrenic/IDP blends shown in Tables 
3.14 and 3.15 were prepared by injection moulding. Prior to injection 
moulding, the materials were dried in a dehumidifier at 80°C for 6 hours. The 
injection moulding conditions used for preparing the test specimens of 
compounded styrenic/PANI blends are presented in Table 3.27. 
 
Table 3.27 Injection moulding conditions for styrenic/PEO-PO or 
styrenic/P8-20 blends  
 
Operating parameters PS11A PS13A SAN11A SAN13A 
Barrel temperature settings 
Rear Zone (feed) °C 200 200 200 200 
Middle Zone  °C 200 200 200 200 
Front Zone °C 200 200 200 200 
Nozzle °C 200 200 200 200 
Machine settings 
Shot size  mm 30 – 40 30 – 40 25 – 35 30 – 40 
Screw back after 
dosing mm 3 3 3 3 
Injection speed % 30 80 30 80 
Plasticising speed % 80 80 80 80 
Injection pressure % 30 20 20 20 
Holding pressure % 30 20 20 20 
Back pressure kgf/cm2 20 15 20 15 
Injection time s 5 5 5 5 
Holding time s 2 2 2 2 
Cooling time s 18 20 15 20 
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3.3 Characterisation techniques 
3.3.1 Thermogravimetric analysis (TGA) 
TGA is commonly used to measure changes in mass of a sample as a 
function of temperature or time which can be due to evaporation, 
decomposition, and chemical reactions. A schematic representation of a 
typical TGA thermogram is presented in Figure 3.3. 
 
 
Figure 3.3 A typical thermogravimetric curve (reconstructed from ref. 
[ASTM E1131]) 
 
A thermogravimetric analyser, TGA/SDTA851e from Mettler Toledo equipped 
with STARe software (version 8.10) was employed to investigate the mass 
loss of PANI due to loss of water moisture, elimination of dopant and 
destruction of skeletal PANI backbone. Sample masses of approximately 11 
mg were scanned from 30°C to 1000°C at a heating ra te of 10 °C/min with a 
nitrogen flow rate of 50 ml/min. 
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3.3.2 Differential scanning calorimetry (DSC) 
A differential scanning calorimeter, DSC822e from Mettler Toledo equipped 
with STARe software (version 8.10) was employed to study the changes in 
transition temperatures and crystallisation behaviour of the polymer blends. 
Sample sizes between 5 to 6 mg were cut from the centre of round plaques 
for electrical resistance measurement. The DSC measurements were done on 
three samples of each blend composition to ascertain the reproducibility of the 
results. All scanning was conducted under a nitrogen environment at heating 
and cooling rates of 10oC/min. The re-heat DSC scan was used for 
determination to avoid any interference from the thermal history of the sample 
during the first heating scan. 
 
Figure 3.4 presents the typical examples on determination of the melting 
temperature (Tm) and the melting enthalpy (∆Hf ) from the endothermic peaks 
of the DSC re-heat traces; the crystallisation peak (Tc) and onset (Tco) 
temperatures from the exothermic peaks of the DSC cooling traces; and the 
glass transition temperatures at onset (Tg) from the re-heat DSC traces. In 
Chapter 4 of this thesis, the first heat and re-heat DSC scans were used to 
study the influence of water moisture on the thermal properties of PANI. 
 
73 
 
 
Figure 3.4 Schematic representations of Tm, ∆Hf, Tc and Tco, and Tg. 
 
In order to obtain information on the degree of crystallinity of individual semi-
crystalline IDP components, the individual ∆Hf values of these components 
were normalised to the amount of the phase under consideration. The degree 
of crystallinity of the PEGs in Chapter 6 of this thesis was calculated using the 
following equation: 
 
                                  	%  	
∆	

∆	

	 100                                    (3.1) 
 
where 	is the percentage crystallinity of the PEGs, ∆ is its measured heat 
of fusion, ∆ is the heat of fusion of a theoretical 100% PEG. The ∆Hf100 
value of PEG used for the above calculations were obtained from reference 
[90] as 188 J/g. The overall rate of crystallisation represented by ∆TC, was 
obtained by the difference between the crystallisation onset and peak 
temperatures, i.e. ∆TC = Tco - Tc. A smaller value of ∆TC indicates a higher 
rate of crystallisation.   
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3.3.3 Fourier-Transform Infrared spectroscopy (FTIR) 
A Fourier-Transform Infrared spectrometer, System 2000 from Perkin Elmer, 
equipped with MKII Golden Gate single reflection ATR system for Attenuated 
Total Reflectance (ATR) technique was used to characterise the PANI, the 
residues from extraction of PANI, SAN, and SAN/PANI mixtures, PEO-PO, 
un-plasticised and plasticised styrenic/PEO-PO blends. Each spectrum was 
obtained by performing 32 scans from 4000 to 650 cm-1 at a resolution of 4 
cm-1 directly on the samples. 
 
3.3.4 Optical microscopy (OM) 
Optical microscopy (OM) studies were carried out with a Leica DM EP 
microscope in conjunction with a Leica DC 180 digital camera. Approximately 
0.3 mg sample was cut from the round injection moulded plaques for volume 
resistance measurement and melt pressed into thin films of approximately 5 
mm in diameter between a microscope slide and a cover slip on a hot plate 
heated at 200 ± 10oC. Details of microscopy analysis are summarised in 
Table 3.28. 
 
Table 3.28 Details of microscopy analysis 
Film 
specimens Mode Magnification Purpose 
Styrenic/PANI Transmission 630X Dispersion of PANI in matrix polymers 
Styrenic/IDP 
Transmission 400X 
Dispersion of IDP in matrix 
polymers 
Polarised 400X 
PEO-PO Polarised 400X Spherulitic structures of IDP 
PEO-PO/PEG Polarised 400X Spherulitic structures of IDP 
Plasticised 
styrenic/IDP 
Transmission 400X Dispersion of IDP in matrix polymers 
Polarised 400X Spherulitic structures of IDP 
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3.3.5 Scanning electron microscopy (SEM) 
The fracture surfaces of Izod impact test bars were examined using a high 
resolution Carl Zeiss SMT Field Emission Scanning Electron Microscopy (FE-
SEM) with an accelerating voltage of 20 kV after sputtered with platinum 
coating. Micrographs of all styrenic/PANI, styrenic/PEO-PO, and styrenic/P8-
20 blends except ABS/PANI blends were taken at 10,000X magnification. 
Micrographs of ABS/PANI blends were taken at 6,000X magnification. 
 
3.4 Electrical and mechanical properties of blends 
3.4.1 Volume and surface resistance  
Volume and surface resistance was measured in accordance with ANSI/ESD 
STM11.12 and ANSI/ESD STM11.11 respectively using a PRS-801 
resistance system with a PRF-911 concentric ring fixture from Prostat 
Corporation. The setup for measuring the volume and surface resistance are 
shown in Figure 3.5. A 5 lb load is placed on top of the electrode to ensure 
constant contact between the electrode and the test specimen.  
 
 
 
Figure 3.5 Setup for: a) volume resistance measurement; b) surface 
resistance measurement 
 
A specific voltage (V) was applied and the electric current (I) was measured. 
The electrical resistance (R) in ohm (Ω) can be determined by Equation 3.2. 
For measured resistance of less than 1 X 106 Ω, a voltage of 10 V was applied 
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while for measured resistance of greater than 1 X 106 Ω, a voltage of 100 V 
was applied. 
 
                                     	Ω  	


                                             (3.2) 
 
Round plaques with dimension as shown in Figure 3.6 used for electrical 
resistance measurement were prepared by injection moulding (Tables 3.17, 
3.22, 3.23, 3.26, and 3.27). The test specimens were conditioned at 23 ± 3°C 
and relative humidity of 50 ± 10% for 48 hours prior to testing. The volume 
resistance measurements were carried out under laboratory conditions at 23 ± 
3 °C and 50 ± 10 % relative humidity. The arithmeti c average volume 
resistance determined was taken from measurements on five moulded 
plaques.  
 
 
Figure 3.6 Round plaques for electrical resistance measurement 
 
3.4.2 Tensile tests 
The tensile tests were performed in accordance with ASTM D 638 using a 
Zwick universal testing machine, Model BZ020. The type IV tensile test bars 
as shown in Figure 3.7 were prepared by injection moulding (Table 3.17, 3.22, 
3.26, 3.27).  
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Figure 3.7 Dimensions of a type IV tensile test specimen [ASTM D 638] 
 
A 10 kN load cell was used at a grip separation speed of 5 mm/minute and a 
gauge length of 25 mm. The test specimens were conditioned for 48 hours 
and tested at 23 ± 3°C and relative humidity of 50 ± 10% after moulding. The 
arithmetic average tensile results reported include tensile strengths at yield 
and break, and elongations at yield and break were taken from measurements 
of five tensile bars. Typical stress-strain curves were shown in Figure 3.8. 
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Figure 3.8 Typical stress-strain curves (reconstructed from ref. [ASTM D 
638]). 
 
 
3.4.3 Izod impact tests 
The Izod impact tests were carried out in accordance with ASTM D 256, 
method A (notched) and method E (reversed notch) using a Ceast Resil 
Impactor. The Izod impact test bars as shown in Figure 3.9 were prepared by 
injection moulding (Tables 3.17, 3.22, 3.26, 3.27) and notched using a Ceast 
motorised Notchvis machine. The notch depth and the radius of the test 
specimens were 2.54 mm and 0.25 mm respectively. The test specimens 
were conditioned for 48 hours and tested at 23 ± 3°C and relative humidity of 
50 ± 10% after moulding. The Izod impact tests were conducted under 
laboratory conditions of 23 ± 3°C and relative humi dity of 50 ± 10%. The 
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arithmetic average impact energy determined was taken from measurements 
of seven Izod impact bars. 
 
 
 
Figure 3.9 Dimensions of an Izod impact test specimen [ASTM D 256] 
 
3.5 Extraction of plasticiser from PANI 
In chapter 4 of this thesis, an extraction study was conducted using PANI, 
SAN and SAN/PANI (65:35) to simulate the diffusion of plasticiser from PANI 
to the SAN matrix. About 1 g of the PANI, SAN and SAN/PANI (65:35) 
samples were soaked in 20 ml of acetonitrile (CAN) separately in capped test 
tubes. These test tubes were then submerged in a water bath at 50°C for 20 
hours. After the extraction process, about 2 ml of solution from each of the 
test tubes was pipetted into separate evaporating dishes and left in the oven 
at 50°C for 24 hours to evaporate the ACN. Residues  obtained after the 
drying process were subsequently analysed using FTIR-ATR. 
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3.6 Analysis of skin-core structures 
In chapter 6 of this thesis, the round plaques of the unplasticised and 
plasticised styrenic/PEO-PO blends used for electrical measurements as 
shown in Figure 3.5 were used for the analysis of skin-core structures. A 
rectangular sample was cut out from the round plaques as shown in Figure 
3.10a. The cross sectional of the rectangular cut-out was halved as shown in 
Figure 3.11b. The indicated skin and core regions were analysed using FTIR-
ATR. 
 
 
Figure 3.10 Sample preparation: a) rectangular cut-out from the round 
plaque; b) cross sectional of the rectangular cut-out.  
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CHAPTER 4: RESULTS & DISCUSSION  
EVALUATION OF STYRENIC / PANI BLENDS 
 
This chapter summarises the characterisation studies of melt-processable 
polyaniline (PANI) and the prepared styrenic/PANI blends. The blends were 
prepared by compounding at different concentrations of PANI (2.5, 5, 7.5, 15, 
25, and 35wt%) with 4 different types of styrenic thermoplastics: polystyrene 
(PS), styrene-butadiene copolymer (SB), styrene-acrylonitrile (SAN), and 
acrylonitrile-butadiene-styrene terpolymer (ABS). Blend miscibility, electrical, 
morphology, and mechanical properties of these blends were investigated. 
  
4.1 Characterisation of PANIPOLTM CXH 
The selected PANI was based on PANIPOLTM technology [85–86], which 
consisted of 25wt% dodecylbenzenesulphonic acid doped polyaniline salts 
(PANI-DBSA) and 75wt% zinc dodecylbenzenesulphonate (Zn(DBS)2) 
plasticiser [117]. PANI-DBSA is infusible due to presence of strong inter-chain 
electron transfer interaction [19]. The complexation between the PANI-DBSA 
and Zn(DBS)2 created a plasticised complex that is melt processable and 
fusible. Hatikainen et al [84] proposed a schematic illustration on the 
complexation process as shown in Figure 4.1 whereby the water molecules 
coordinated to the Zn2+ play an important role to hydrogen bond the zinc salt 
to the sulphonates of PANI-DBSA. This can lead to a straightening effect of 
the PANI backbone and contribute to the improvement in electrical 
conductivity [59]. 
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Figure 4.1 Schematic illustration on complexation between the PANI-
DBSA and Zn(DBS)2 [re-constructed from ref 84]. 
 
In this section, the thermal properties of PANI were investigated using 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 
The TGA thermogram of the PANI presented in Figure 4.2 shows three weight 
loss steps during heating. The three weight loss steps occurred at around 100 
oC, 250 oC, and 380oC with weight losses of approximately 3wt%, 15wt%, and 
56wt% respectively. The profile observed is similar to a typical degradation 
profile of a polyaniline salts which the three weight loss steps correspond to 
the loss of water moisture; the elimination of dopant; and the destruction of 
the skeletal PANI backbone respectively [79–81]. Chao et al [59] 
demonstrated the delay in thermal degradation temperature of PANI-DBSA 
from 180oC to 250oC with the addition of Zn(DBS)2. As the thermal 
degradation of Zn(DBS)2 occurred at around 400oC, the third step weight loss 
of PANI corresponds to both the destruction of the skeletal PANI backbone 
and Zn(DBS)2 leaving behind an inert residue of approximately 26wt%. The 
residue is likely the carbon based char from the thermally stable aromatic ring 
structure of PANI.   
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Figure 4.2 TGA thermogram of PANI 
 
Figure 4.3 presents the DSC thermogram of PANI. During the first heating 
scan of the PANI, a glass transition temperature (Tg) at around 47oC and an 
endothermic peak (Tm) at around 90oC were observed. The presence of an 
endothermic peak suggests the loss of water moisture through evaporation 
and correlates well with the initial weight loss of the TGA result. On the other 
hand, the higher shift in the Tg from 47oC to 59oC observed from the DSC re-
heat trace would suggest that the water could act as plasticiser in the PANI. 
Additional Tg can be observed at around 172oC after the removal of water 
moisture. Rannou et al [118] reported the presence of multiple transition 
temperatures in PANI samples that were doped with ester type plasticiser. 
They attributed this observation to various types of segmental movements 
that occurred either in the flexible substituents of dopant or in the polymer 
chain of the PANI. 
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Figure 4.3 DSC trace of PANI 
 
4.2 Miscibility studies of styrenic/PANI blends 
The degree of interaction between PANI and the matrix polymers may 
influence the level of fracturing of the PANI particles during mixing which 
determines the resulting morphology and electrical properties of the blends. 
Such interactions are typically accompanied by the changes in Tg of matrix 
polymers in the blends [68–69, 82]. Table 4.1 summaries the glass transition 
temperatures of the matrix polymers blended with various amounts of PANI.  
 
Table 4.1 Tg of the matrix polymers in PANI blends 
Concentrations 
of PANI (wt%) 
Tg (oC) of Matrix Polymers 
PS SB SAN ABS 
0.0* 92 (0) 98 (0) 103 (0) 102 (0) 
2.5 93 (0) 98 (0) 103 (0) 103 (0) 
5.0 94 (0) 98 (0) 101 (0) 103 (0) 
7.5 94 (0) 98 (0) 101 (1) 103 (0) 
15.0 95 (0) 99 (0) 97 (0) 102 (0) 
25.0 95 (0) 100 (0) 93 (0) 101 (0) 
35.0 96 (0) 100 (0) 90 (0) 96 (0) 
Values in parentheses represent standard deviations 
*Neat matrix polymer 
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It can be observed from Table 4.1 that the Tgs of PS and SB increased with 
increasing PANI concentration, indicating some interaction between the PANI 
and matrix polymers. The finely dispersed PANI particles could act as 
colloidal filler with high surface area and interact strongly with the matrix 
polymers [82]. On the other hand, a reduction in Tg was observed in SAN and 
ABS with increasing PANI concentration. This could be due to the diffusion of 
the plasticiser from the PANI into the SAN and ABS matrix polymers and thus 
creating a plasticising effect.  
 
Figure 4.4 to 4.7 present the representative DSC heating traces of the 
styrenic polymers and styrenic/IDP blends. Generally, only the Tg of the matrix 
polymers were detected but not the dispersed PANI phases. This can be due 
to the lack of sensitivity of the DSC technique in Tg measurement [94].  
 
 
 
 
Figure 4.4 DSC heating traces of PS and PS/IDP blends. 
 
86 
 
 
 
Figure 4.5 DSC heating traces of SB and SB/IDP blends. 
 
 
 
 
Figure 4.6 DSC heating traces of SAN and SAN/IDP blends. 
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Figure 4.7 DSC heating traces of ABS and ABS/IDP blends. 
 
From Figure 4.7, the melting peak of ethylene bis stearamide (EBS) wax at 
around 140oC can be observed. The EBS wax is commonly added as 
lubricant during the production of ABS and the grade of ABS used in the 
experiment contains the wax as shown in Appendix A. At 2.5wt% PANI 
concentration (ABS02), the melting peaks of the EBS wax shifted lower and 
became smaller suggesting interaction between the wax and the PANI. The 
disappearance of the melting peaks of the EBS wax at higher PANI 
concentration may indicate the miscibility between the two components. 
 
The diffusion of the plasticiser from the PANI into the SAN and ABS matrices 
could be due to the presence of the polar acrylonitrile. In order to justify this 
hypothesis, acetonitrile (CH3CN) having the polar C ≡ N function group same 
as in the acrylonitrile was used to simulate the extraction of plasticiser from 
the PANI. In the experiment, three samples: PANI, SAN, and dry blend of 
SAN/PANI (65:35) were soaked separately in acetonitrile (CH3CN) solution 
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and preheated at about 50°C for approximately 20 ho urs as shown in Figure 
4.8.  
 
 
Figure 4.8 (a) PANI, (b) SAN, and (c) SAN/PANI before and after soaking 
in acetonitrile solution. 
 
As shown in Figure 4.8a, the acetonitrile solution containing PANI turned 
brown but remained clear after soaking. As the PANI appeared to be insoluble 
in the solution, the change in colour could possibly be due to the diffusion of 
leachable component from PANI into the acetonitrile solution. In solution 
containing SAN, the SAN appeared to be soluble in the acetonitrile as shown 
in Figure 4.8b whereby the solution turned from clear to turbid. It can be 
observed from Figure 4.8c that the acetonitrile solution containing dry blend of 
SAN/PANI turned from clear to brownish and turbid after soaking. This is likely 
contributed from the leachable component from PANI and the dissolved SAN.  
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Dark residue observed at the bottom of the test tube could possibly be the 
insoluble PANI.  
 The acetonitrile solutions of the three samples were dried to remove all the 
solvent and the residues were subsequently analysed using Fourier-
Transform Infrared spectrometer (FTIR). FTIR spectra of the residues from 
acetonitrile solutions of PANI, SAN, and SAN/PANI are presented in Figure 
4.9.  
 
It is known that two of the main characteristic absorption bands of polyaniline 
are the stretching of benzenoid (or aminic) and quinonoid (or iminic) at around 
1500 and 1600 cm-1 respectively [50,84]. In the selected PANI, the stretching 
of benzenoid and quinonoid absorption bands are located at around 1450 and 
1550 cm-1 respectively as shown in Figure 4.9a. However these absorption 
bands were not found in the residue of PANI solution indicating that the PANI 
was insoluble in acetonitrile solution and the diffusion of leachable 
component, likely the Zn(DBS2) plasticiser from the PANI had taken place 
during the soaking process. FTIR analysis confirmed that the residue of SAN 
from acetonitrile solution to be SAN which has the characteristic C ≡ N 
absorption band at around 2240cm-1 as shown in Figure 4.9b [119]. From 
Figure 4.9c, the FTIR spectrum of the residue from the SAN/PANI blend 
shows the presence of both SAN and the leachable component of the PANI. 
 
 
 
 
 
 
 
 
 
 
 
90 
 
 
 
 
Wavenumber (cm-1) 
 
Figure 4.9 FTIR spectra of residues recovered from drying of acetonitrile 
solutions of a) PANI, b) SAN, and c) SAN/PANI blend. 
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In order to confirm that the leachable component from the PANI could create 
a plasticising effect on SAN, DSC was also performed on the residues of SAN 
and SAN/PANI samples obtained from the acetonitrile solutions. The DSC 
traces from Figure 4.10 show that the Tg of SAN component of SAN/PANI 
blend was reduced from 104oC of the neat SAN to 92oC. This finding 
suggests that the presence of the polar acrylonitrile in SAN can attract the 
plasticiser from PANI creating a plasticising effect in the SAN matrix.  
 
 
 
Figure 4.10 DSC traces of residues recovered after drying of acetonitrile 
solutions. 
 
4.3 Electrical properties of styrenic/PANI blends 
Figure 4.11 shows the volume resistance plots of PS/PANI, SB/PANI, 
SAN/PANI, and ABS/PANI blends as a function of PANI concentration. The 
percolation plots of PS/PANI, SB/PANI, and ABS/PANI blends exhibit trends 
of gradual reduction in volume resistance with respect to PANI concentration. 
These were unlike the steep insulative-conductive transition over a narrow 
range of filler concentration commonly observed in conventional conductive 
polymer composites containing carbon black [12,31]. On the other hand, it 
can be observed that the SAN/PANI blends remained insulative throughout 
the entire range of PANI concentration. 
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From this study, it is evident that the electrical conductivity of the blends is 
dependent on polarity of the matrix polymers. Blends with non-polar matrix 
polymers like PS and SB were observed to have better electrical conductivity 
compared to blends with polar matrix polymers like SAN and ABS.  
 
 
Figure 4.11 Volume resistance plot as a function of PANI concentration 
in PS, SB, SAN, and ABS.  
 
In the PS/PANI and SB/PANI blends, the profile of the percolation plots are 
similar but lower volume resistance was achieved in the PS/PANI blends. The 
higher degree of interaction between the PS and PANI as indicated by the 
larger increased in the Tg of PS matrix as compared to SB matrix could 
possibly encourage the formation of conductive network in the PS/PANI 
blends.  
 
This study shows that the diffusion of plasticiser from PANI into SAN and ABS 
matrices are likely to influence the electrical conductivities of SAN/PANI and 
ABS/PANI blends. The SAN/PANI blends remained insulative throughout the 
entire range of PANI concentration while a high percolation threshold was 
observed in the ABS/PANI blends. Since the complexation between PANI-
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DBSA and Zn(DBS)2 changed the molecular conformation of PANI chain from 
a “compact coil” to a “expanded coil” [75,84], the removal of Zn(DBS)2 
plasticiser could result in reverting the molecular conformation of PANI chain 
to “compact coil” form and thus disrupting the formation of conductive network 
as shown schematically in Figure 4.12. It is evident from the lower reduction in 
Tg of ABS as compared to SAN that less plasticiser was attracted into the 
ABS matrix. This result correlates well with the percolation plots.  
 
 
 
Figure 4.12 Schematic diagram showing the destruction of conductive 
network by removal of Zn(DBS)2 plasticiser. 
 
Several authors [60,64,68,82] claimed that conductivity measurement is the 
most sensitive approach in monitoring the phase continuity of a conductive 
blend. Thus the percolation threshold determined for the conductive blends 
could be used as the first indication of phase continuity described by Utracki 
[47]. The percolation threshold of the blends was determined by using the 
empirical fitting curve described in Equations 2.3 and 2.4 [34–38].  
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By taking logarithms on both side of Equation 2.3 and re-arranging it as 
shown in Equation 4.1, the adjusted parameters a, B, and n can be 
determined by linear regression whereby  ⁄ 
 was plotted against 
1 − exp−∅.  
 
 
      ⁄ 
 =  + 1 − exp−∅          (4.1) 
 
The parameter “a” was determined by iteration until the best fitted linear curve 
(highest R-squared value) was achieved. log B is the value at the interception 
of  ⁄ 
 axis when 1 − exp−∅=0 and n is the slope of the 
plotted linear curve. The percolation threshold concentration of the blends 
was then calculated based on Equation 2.4. In order to apply the equation, the 
electrical conductance of the matrix polymers and their blends was calculated 
by taking the inverse of the determined volume resistance. The mass fraction 
of PANI can be converted to volume fraction (∅) as shown in Equation 4.2.  
 
                                   ∅ =	
 ⁄
 ⁄ 	  ⁄
                                 (4.2) 
 
Where ! and " are the mass and density of PANI respectively. !# and "# 
are the mass and density of matrix polymers respectively. The worked 
example can be found in Appendix A of this thesis. 
                     
Table 4.2 presents the adjusted parameters (a, B and n) for PS/PANI, 
SB/PANI and ABS/PANI blends. The percolation threshold concentrations as 
volume fractions determined for the PS/PANI, SB/PANI and ABS/PANI blends 
are 0.03, 0.05, and 0.17 respectively. Since the SAN/PANI blends remained 
insulative throughout the entire range of PANI concentrations, the percolation 
threshold was not able to be determined.  
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Table 4.2 Adjusted parameters and percolation threshold for 
styrenic/PANI blends. 
Blends 
Adjusted parameters for 
Equation 2.3 R-squared of plotted linear 
curves 
Percolation 
threshold 
(volume 
Fractions) a B n 
PS/PANI 19 7.9 1.8 0.99 0.03 
SB/PANI 28 6.4 4.2 0.99 0.05 
ABS/PANI 5 12.1 2.6 0.99 0.17 
SAN/PANI*      
*The adjusted parameters and percolation thresholds were not determined. 
 
Figure 4.13 shows the empirical fitted curves and the actual experimental 
values of PS/PANI, SB/PANI, and ABS/PANI blends. PS/PANI and SB/PANI 
blends have shown good fits and the differences in the percolation threshold 
concentrations also indicate the dependence of level of conductivity on 
different polymer systems. The poor fit in ABS/PANI blends could be due to 
limited experimental points obtained around the percolation threshold.  
 
 
 
 
 
 
Figure 4.13 Electrical conductance plots of PS/PANI, SB/PANI, and 
ABS/PANI blends.  
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4.4 Morphology and mechanical properties of PS/PANI blends 
Figure 4.14 shows the optical micrographs of the PS/PANI blends. Since the 
inherent colour of the PANI is green, the morphology of the blends can be 
observed using an optical microscope.  
 
 
Figure 4.14 Optical micrographs of PS/PANI blends at 630X 
magnification. PS01 – PS06 correspond to 2.5, 5, 7.5, 15, 25 and 35wt% 
PANI respectively. 
 
The micrographs in Figure 4.14 show the colour transition of the films starting 
from light yellow at 2.5wt% and 5wt% PANI concentrations (PS01 and PS02), 
to light green at 7.5wt% PANI concentration (PS03); and became greener with 
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further PANI addition. Fibrillar structure could be observed clearly at 15wt% 
PANI concentrations (PS04) and became more intense with further PANI 
addition. The greenish background colour of the film and intensity of the 
fibrillar structure are in good agreement with the earlier measured volume 
resistance indicating the existence of conductive network. Undispersed dark 
particles observed throughout the entire range of PANI concentrations are 
possible the infusible portion of the PANI. 
 
 
Figure 4.15 SEM micrographs of PS/PANI blends. PS01 – PS06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% PANI respectively. 
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Figure 4.15 shows the micrographs of the PS/PANI blends obtained from 
fracture surfaces of the Izod impact bars, using a scanning electron 
microsope (SEM). At 2.5wt% and 5wt% PANI concentrations (PS01 and 
PS02), chain-like aggregates of fine PANI particles were observed which 
could be due to partially fused PANI. There were also many “voids” present 
which were likely due to the removal of discrete PANI particles suggesting 
poor compatibility between the PANI and PS. At 7.5wt% PANI concentration 
(PS03), the chain-like aggregates appeared to be shorter in chain length and 
become more discrete. The formation of distinct smooth phase observed is 
likely to be the fused PANI phase. This phase continued to enlarge with 
increasing PANI concentration which covered more than 50% of the area at 
25wt% and 35wt% PANI concentrations (PS05 and PS06). These 
observations could indicate the formation of conductive network and correlate 
well with the percolation plot of PS/PANI blend. 
 
Table 4.3 summarises the Izod impact energy and the tensile properties of 
PS/PANI blends. Representative stress-strain curves of these blends are 
presented in Appendix C1. Generally, the tensile strength of the PS/PANI 
blends reduced significantly with increased PANI. This is likely to be due to 
the limited compatibility between the PS and the PANI phases as seen from 
the morphologies of the blends. At 2.5wt% PANI concentration (PS01), the 
tensile strength reduced by about 15% from 44 MPa to 37 MPa and the 
reduction was almost by half at 35wt% PANI concentration (PS06).  
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Table 4.3 Mechanical properties of PS/PANI blends 
Sample 
Code 
Izod Impact Energy Tensile Properties 
Notched (J) Reversed 
notch (J) 
Elongation @ Break 
(%) 
Strength @ Break 
(MPa) 
PS* 0.04 (0.00) 0.27 (0.02) 1 (0) 44 (0) 
PS01 0.03 (0.00) 0.26 (0.02) 1 (0) 37 (1) 
PS02 0.03 (0.00) 0.26 (0.02) 1 (0) 38 (0) 
PS03 0.03 (0.00) 0.25 (0.01) 1 (0) 36 (0) 
PS04 0.03 (0.00) 0.20 (0.01) 1 (0) 32 (0) 
PS05 0.03 (0.00) 0.16 (0.01) 1 (0) 28 (1) 
PS06 0.03 (0.00) 0.12 (0.01) 1 (0) 24 (0) 
Values in parentheses represent standard deviations 
*Neat matrix polymer 
 
In order to study the influence of PANI addition on the toughness of PS/PANI 
blends, the combination of high rate Izod impact energy (notched and 
reversed notch) and elongation at break from low rate tensile testing were 
evaluated [116]. These properties were normalised to 100% based on data of 
neat PS as shown in Figure 4.16. It can be observed from Figure 4.16 that the 
tensile elongation at break remained unchanged throughout the range of 
PANI addition. This suggests that the tensile elongation at break is insensitive 
in differentiating the adhesion strength between the blend components that 
exhibit brittle fracture. The notched Izod impact energy dropped by 25% at 
2.5wt% PANI concentration (PS01) and remained unchanged with further 
PANI addition. The reversed notch Izod impact energy was observed to 
reduce significantly beyond 7.5wt% PANI concentration (PS03). At 15wt% 
PANI concentration (PS04), the reduction in impact was around 25% and at 
35wt% PANI concentration (PS06), the reduction was more than 50%. In this 
case the reversed notch Izod impact energy is sensitive to differentiate the 
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changes in toughness of brittle PS/PANI blends which is similar to what Lim 
[116] observed.  
 
 
Figure 4.16 Mechanical properties normalised to neat PS values and 
volume resistance with expected optimal range (in blue shaded area) of 
PS/PANI blends.  
 
Among the PS/PANI blends evaluated, the volume resistance of PS03 and 
PS04 were within the optimal range for ESD application and PS03 was 
tougher than PS04.  
    
4.5 Morphology and mechanical properties of SB/PANI blends 
The optical micrographs of the SB/PANI blends are presented in Figure 4.17. 
It can be observed from the micrographs the colour transition of the films 
starting from light yellow at 2.5wt%, 5wt% and 7.5wt% PANI concentrations 
(SB01, SB02 and SB03), to light green at 15wt% PANI concentration (SB04) 
and became greener with further PANI addition.  
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Figure 4.17 Optical micrographs of SB/PANI blends at 630X 
magnification. SB01 – SB06 correspond to 2.5, 5, 7.5, 15, 25 and 35wt% 
PANI respectively. 
 
Fibrillar structure could be observed clearly at 25wt% PANI concentration 
(SB05) and became more intense at 35wt% PANI concentration (SB06). 
Similar to PS/PANI blends, the colour of the film and intensity of the fibrillar 
structure correlates well with the volume resistance. However, the optical 
micrographs of SB/PANI blends show less intense greenish as compared to 
the PS/PANI blends. This could be due to poorer dispersion of the PANI in the 
SB matrix which leads to higher volume resistance in SB/PANI blends as 
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compared to the PS/PANI blends. Dark particles of infusible PANI were 
observed throughout the entire range of PANI concentration. 
 
 
Figure 4.18 SEM micrographs of SB/PANI blends. SB01 – SB06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% PANI respectively. 
 
Figure 4.18 shows the micrographs of the SB/PANI blends obtained from 
fracture surfaces of Izod impact bars using SEM. Discrete dispersion of PANI 
particles was observed at lower PANI concentrations (SB01, SB02 and 
SB03). A drastic transformation of morphology was observed by the formation 
of a co-continuous network like structure at 15wt% PANI concentration 
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(SB04). However the network structure was disrupted at 25wt% PANI 
concentration (SB05) by the formation of a coarser morphology. The 
coarsening of morphology was observed at 35wt% PANI concentration 
(SB06). 
 
Table 4.4 summarises the Izod impact energy and the tensile properties of 
SB/PANI blends. Representative stress-strain curves of these blends are 
presented in Appendix C2. In the SB/PANI blends, yielding could be observed 
from the tensile test specimens up to 25wt% PANI concentration (SB05) and 
at 35wt% PANI concentration (SB06), the tensile specimen failed without 
yielding indicating brittle fracture. The reduction of tensile strength over the 
range of PANI concentrations suggests the lack of compatibility between the 
SB and PANI.  
 
Table 4.4 Mechanical properties of SB/PANI blends 
Sample 
Code 
Izod Impact Energy Tensile Properties 
Notched (J) Reversed 
notch (J) 
Elongation @ Break 
(%) 
Strength @ Yield 
(MPa) 
SB* 0.08 (0.00) 5.16 (0.32) 197 (14) 25 (0) 
SB01 0.09 (0.00) 5.30 (0.14) 242 (12) 23 (0) 
SB02 0.09 (0.00) 5.19 (0.21) 268 (16) 21 (0) 
SB03 0.10 (0.00) 5.32 (0.12) 319 (13) 20 (0) 
SB04 0.12 (0.01) 4.96 (0.20) 399 (12) 17 (0) 
SB05 0.07 (0.01) 0.38 (0.11) 21 (15) 16 (0) 
SB06 0.03 (0.00) 0.14 (0.02) 2 (0) 15# (0) 
Values in parentheses represent standard deviations 
*Neat matrix polymer 
#Strength @ Break 
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In order to study the influence of PANI addition on the toughness of SB/PANI 
blends, the Izod impact energy (notched and reversed notch) and elongation 
at break were normalised to 100% based on data of neat SB as shown in 
Figure 4.19. The tensile elongation at break of the blends increased initially 
with PANI addition up to 15wt% PANI concentration (SB04). At 15wt% PANI 
concentration (SB04), the tensile elongation at break increased by about 
200% and drastically reduced at 25wt% and 35wt% PANI concentrations 
(SB05 and SB06) by more than 90%. The notched Izod impact energy 
followed similar trend as the tensile elongation at break whereby it increased 
initially with PANI addition up to 15wt% PANI concentration but reduced 
significantly at 25wt% and 35wt% PANI concentrations. The reversed notch 
Izod impact energy remained almost unchanged initially with PANI addition up 
to 15wt% PANI concentration and dropped drastically at 25wt% and 35wt% 
PANI concentrations. These results suggest that both the notched izod impact 
energy and tensile elongation at break are sensitive in differentiating the 
changes in toughness of ductile blends. In this case, the reversed notch 
impact energy can provide an indication for the transition from ductile to brittle 
fracture. The formation of network structure at 15wt% of PANI concentration 
has a great effect in the toughness of the blends as indicated by the 
significant increment in tensile elongation at break and notched Izod impact 
energy. The coarsening of morphology observed at 25wt% and 35wt% PANI 
concentrations (SB05 and SB06) had detrimental effect on the toughness of 
SB/PANI blends.  
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Figure 4.19 Mechanical properties normalised to neat SB values and 
volume resistance with expected optimal range (in blue shaded area) of 
SB/PANI blends. 
 
Among the SB/PANI blends evaluated, the volume resistance of SB04 to 
SB06 were within the optimal range for ESD application and SB04 was the 
toughest among the blends. SB05 and SB06 became very brittle as indicated 
by the significant reduction in tensile elongation at break and Izod impact 
energy (notched and reversed notch). 
 
4.6 Morphology and mechanical properties of SAN/PANI blends 
The optical micrographs of the SAN/PANI blends in Figure 4.20 show the 
colour transition of the films starting from light yellow at 2.5wt%, 5wt% and 
7.5wt% PANI concentrations (SAN01 - SAN03) to non-uniform green lumps of 
gel like matrix at 15wt%, 25wt% and 35wt% PANI concentrations (SAN04 to 
SAN06).  
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Figure 4.20 Optical micrographs of SAN/PANI blends at 630X 
magnification. SAN01 – SAN06 correspond to 2.5, 5, 7.5, 15, 25 and 
35wt% PANI respectively. 
 
Compared with PS/PANI and SB/PANI blends, fibrillar structures were not 
visible. The attraction of plasticiser from the PANI into SAN matrix makes the 
PANI less fusible which resulted in the formation of the non-uniform green 
lumps of gel like matrix which inhibit the formation of a conductive network. 
This correlates well with the insulative behaviour observed in the SAN/PANI 
blends.  
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Figure 4.21 SEM micrographs of SAN/PANI blends. SAN01 – SAN06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% PANI respectively. 
 
Figure 4.21 shows the micrographs of the SAN/PANI blends obtained from 
fracture surfaces of Izod impact bars using SEM. Chain-like aggregates of fine 
PANI particles with some discrete PANI particles were observed in blends 
with PANI addition from 2.5 wt% to 25wt% (SAN01 to SAN05). At 25wt% 
PANI concentration (SAN05), some large agglomerates can be seen which 
are likely to be due to the undispersed PANI. At 35wt% PANI concentration 
(SAN06), coarsening of morphology could be observed with disappearance of 
chain-like aggregates. The presence of large undispersed PANI particles 
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could possibly inhibit the formation of a conductive network and correlates 
well with insulative behaviour observed in the SAN/PANI blends. 
 
Table 4.5 summarises the Izod impact energy and the tensile properties of 
SAN/PANI blends. Representative stress-strain curves of these blends are 
presented in Appendix C3. The reduction in tensile strength with PANI 
concentration indicates incompatibility between SAN and PANI. 
 
Table 4.5 Mechanical properties of SAN/PANI blends 
Sample 
Code 
Izod Impact Energy Tensile Properties 
Notched (J) Reversed 
notch (J) 
Elongation @ Break 
(%) 
Strength @ Break 
(MPa) 
SAN* 0.03 (0.00) 0.55 (0.03) 2 (0) 72(0) 
SAN01 0.03 (0.00) 0.54 (0.05) 2 (0) 69 (1) 
SAN02 0.03 (0.00) 0.50 (0.05) 2 (0) 67 (1) 
SAN03 0.03 (0.00) 0.44 (0.05) 2 (0) 65 (1) 
SAN04 0.04 (0.01) 0.35 (0.02) 1 (0) 58 (1) 
SAN05 0.04 (0.01) 0.26 (0.04) 1 (0) 49 (0) 
SAN06 0.04 (0.00) 0.23 (0.02) 1 (0) 42 (1) 
Values in parentheses represent standard deviations 
*Neat matrix polymer 
 
In order to study the influence of PANI addition on the toughness of 
SAN/PANI blends, the Izod impact energy (notched and reversed notch) and 
elongation at break were normalised to 100% based on data of neat SAN as 
shown in Figure 4.22. It can be observed from Figure 4.22 that the tensile 
elongation at break of the blends remains unchanged with PANI addition of up 
to 7.5wt% PANI concentration (SAN03). At 15wt% PANI concentration 
(SAN04), the tensile elongation at break was reduced by 30% and remained 
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unchanged throughout the PANI addition. The notched Izod impact energy of 
the blends remained unchanged with PANI addition of up to 7.5wt% PANI 
concentration (SAN03). At 15wt% PANI concentration (SAN04), the notched 
Izod impact energy was increased by 30% and remained unchanged 
throughout the PANI addition. The reversed notch Izod impact energy was 
observed to reduce in a linear fashion with increased PANI concentration. At 
35wt% PANI concentration (SAN06), the reduction in impact was about 60%. 
In this case the reversed notch Izod impact energy is sensitive for 
differentiating the changes in toughness of SAN/PANI blends. 
 
 
Figure 4.22 Mechanical properties normalised to neat SAN values and 
volume resistance with expected optimal range (in blue shaded area) of 
SAN/PANI blends. 
 
 
All the SAN/PANI blends evaluated remained insulative and became more 
brittle with PANI addition as indicated by the reduction in reversed notch Izod 
impact energy.   
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4.7 Morphology and mechanical properties of ABS/PANI blends 
Figure 4.23 shows the optical micrographs of the ABS/PANI blends. The 
colour transition of the films can be observed to start from light yellow at 
2.5wt%, 5wt%, 7.5wt% and 15wt% PANI concentrations (ABS01 - ABS04), to 
green at 25wt% and 35wt% PANI concentration (ABS05 and ABS06).  
 
 
Figure 4.23 Optical micrographs of ABS/PANI blends at 630X 
magnification. ABS01 – ABS06 correspond to 2.5, 5, 7.5, 15, 25 and 
35wt% PANI respectively. 
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Fibrillar structures were observed at 25wt% and 35wt% PANI concentrations 
(ABS05 and ABS06). As for both PS/PANI and SB/PANI blends, the colour of 
the film and intensity of the fibrillar structure correlates well with the volume 
resistance. Non-uniform green lumps of gel like matrix observed at 35wt% 
PANI concentration was likely to be due to the attraction of plasticiser from the 
PANI into ABS matrix rendering the PANI less fusible.  
 
 
Figure 4.24 SEM micrographs of ABS/PANI blends. ABS01 – ABS06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% PANI respectively. 
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Figure 4.24 show the micrographs of the ABS/PANI blends obtained from the 
fracture surfaces of the Izod impact bars using SEM. The SEM morphology of 
ABS/PANI revealed the dispersion of discrete PANI particles in the ABS 
matrix at lower PANI concentrations (ABS01 to ABS04). The formation of 
distinct smooth phase observed at 25wt% and 35wt% PANI concentration 
(ABS05 to ABS06) is likely to be the fused PANI phase. This phase was also 
observed in the PS/PANI blends which could indicate the formation of 
conductive network and correlate well with the percolation plot of ABS/PANI 
blend. 
 
Table 4.6 summarises the Izod impact energy and the tensile properties of 
ABS/PANI blends. Representative stress-strain curves of these blends are 
presented in Appendix C4. The reduction in tensile strength indicates poor 
compatibility between the PANI and ABS. Yielding could be observed from the 
tensile test specimens up to 25wt% PANI concentration. 
 
Table 4.6 Mechanical properties of ABS/PANI blends. 
Sample 
Code 
Izod Impact Energy Tensile Properties 
Notched (J) Reversed 
notch (J) 
Elongation @ Break 
(%) 
Strength @ Yield 
(MPa) 
ABS* 0.68 (0.01) 3.54 (0.46) 10 (3) 40 (0) 
ABS01 0.29 (0.01) 0.79 (0.07) 8 (1) 38 (0) 
ABS02 0.22 (0.01) 0.84 (0.11) 7 (1) 36 (0) 
ABS03 0.16 (0.01) 0.59 (0.06) 5 (1) 34 (0) 
ABS04 0.09 (0.00) 0.37 (0.02) 2 (0) 30 (0) 
ABS05 0.04 (0.00) 0.17 (0.03) 2 (0) 22# (0) 
ABS06 0.04 (0.00) 0.11 (0.04) 1 (0) 20# (0) 
Values in parentheses represent standard deviations 
*Neat matrix polymer 
#Strength @ Break 
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In order to study the influence of PANI addition on the toughness of 
ABS/PANI blends, the Izod impact energy (notched and reversed notch) and 
elongation at break were normalised to 100% based on data of neat ABS as 
shown in Figure 4.25. Generally ABS became brittle with the addition of PANI 
as indicated by the significant drop in the Izod impact energy (notched and 
reversed notch) and elongation at break. At 2.5wt% PANI concentration 
(ABS01), the reduction in the notched and reversed notch Izod impact energy 
and elongation at break were around 60%, 80%, and 20% respectively. These 
properties continued to decrease and seemed to reach a plateau at 15wt% 
PANI (ABS03). At 15wt% PANI concentration (ABS03), the dropped in the 
notched and reversed notch Izod impact energy and elongation at break were 
around 85%, 90%, and 80% respectively. In this case both the notched Izod 
impact energy and the tensile elongation at break are sensitive for 
differentiating the changes in toughness of ABS/PANI blends. 
 
 
Figure 4.25 Mechanical properties normalised to neat ABS values and 
volume resistance with expected optimal range (in blue shaded area) of 
ABS/PANI blends. 
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Although the volume resistance of SB05 and SB06 were within the optimal 
range for ESD application, the blends were very brittle as indicated by the 
significant reduction in Izod impact energy (notched and reversed notch) and 
tensile elongation at break. 
 
4.8 Conclusions 
Characterisation of PANIPOLTM CXH 
The three weight loss steps in the TGA profile of PANI at around 100 oC, 250 
oC, and 380oC with weight losses of approximately 3wt%, 15wt%, and 56wt% 
respectively resemble a typical degradation profile of a polyaniline salts. The 
three weight loss steps correspond to the loss of water moisture; the 
elimination of dopant; and the destruction of the skeletal PANI backbone and 
Zn(DBS)2 plasticiser respectively. The inert residue of approximately 26wt% 
at the end of TGA run is likely to be the carbon based char from the thermally 
stable aromatic ring structure of PANI. 
 
Miscibility studies of styrenic/PANI blends 
Generally the Tg of the matrix polymers in styrenic/PANI blends changes with 
increasing PANI concentration indicating interactions between the styrenic 
thermoplastics and the PANI. The Tgs of the non-polar PS and SB matrices of 
the blends shifter higher with increasing PANI concentration is likely due to 
the formation of finely dispersed PANI particles which acted as colloidal filler 
with high surface area that interact strongly with the matrices. On the other 
hand, the Tgs of the polar SAN and ABS matrices of the blends decreased 
with increasing PANI concentration is possibly due to the diffusion of 
Zn(DBS)2 plasticiser from PANI into the SAN matrix. Evident from extraction 
tests and thermal analysis show that the presence of the polar acrylonitrile in 
SAN and ABS could attract the plasticiser from PANI which reduced the Tg of 
the matrix polymers. 
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Electrical properties of styrenic/PANI blends 
The volume resistance of the styrenic/PANI blends depends on the polarity of 
the matrix polymers. As indicated by their percolation plots, blends with non-
polar PS and SB compared with polar SAN and ABS are better in the 
formation of conductive network. The concentration of PANI needed to 
achieve the optimal volume resistance for ESD applications in PS/PANI, 
SB/PANI and ABS/PANI blends were 7.5wt%, 15.0wt%, and 25.0wt% 
respectively. However, the SAN/PANI blends remained insulative throughout 
the entire range of PANI concentrations evaluated. 
 
The higher degree of interaction between the PS and PANI as indicated by 
the larger increased in the Tg of PS matrix as compared to SB matrix could 
possibly encourage the formation of conductive network in the PS/PANI 
blends and achieve lower volume resistance. 
 
Diffusion of Zn(DBS)2 plasticiser from PANI into SAN and ABS matrices 
seems to affect the volume resistance of the blends. This can be due to the 
reverting of the molecular conformation of PANI chain from an “expanded coil” 
to a “compact coil” destroying the network formation as illustrated in Figure 
4.8. The SAN/PANI blends remained insulative throughout the entire range of 
PANI concentrations and a high percolation threshold was observed in the 
ABS/PANI blends. 
 
The percolation threshold of the styrenic/PANI blends can be predicted by 
using the empirical fitted curve described in Equation 2.3 and 2.4. The 
predicted percolation plots of PS/PANI and SB/PANI blends fitted well with the 
actual experimental results but not for the ABS/PANI blends. This is likely due 
to the limited experimental points. Based on the fitted curves, the percolation 
threshold predicted for PS/PANI, SB/PANI, and ABS/PANI blends were 0.03, 
0.05, and 0.17 volume fractions respectively.  
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Morphology and mechanical properties of styrenic/PANI blends 
The intensity of the green background and fibrillar structure observed from the 
optical micrographs of PS/PANI, SB/PAN and ABS/PANI blends correlates 
well with the volume resistance of the blends which decreases in the 
presence of a conductive network.  
 
The non-uniform green lumps of jelly like matrix observed at higher PANI 
concentrations in SAN/PANI blends are likely to be due to the diffusion of 
plasticiser from PANI into the SAN which makes the PANI less fusible. This 
would inhibit the formation of conductive network in the SAN matrix and the 
SAN/PANI blends remained insulative throughout the entire range of PANI 
concentrations. 
 
Dark particles of infusible PANI observed from the optical micrographs of the 
styrenic/PANI blends throughout the entire range of PANI concentration could 
act as stress concentrator and affect the compatibility and the toughness of 
the blends. Surprisingly the toughness of the SB/PANI blends improved at 
lower PANI concentration up to 15wt% which correlates well with the 
formation of network like structure morphology. 
 
The combination of the tensile elongation at break from a low rate testing and 
the impact energy (notched and reversed notch) from a high rate testing can 
be used for differentiating the toughness of polymer blends. In the notch 
sensitive PS/PANI and SAN/PANI blends, the reversed notch izod impact 
energy is more sensitive in differentiating the reduction in the toughness of the 
blends with increasing PANI concentration. The tensile elongation at break is 
insensitive in differentiating the adhesion strength between the blend 
components for brittle PS/PANI amd SAN/PANI blends. Both the tensile 
elongation at break and the notched Izod impact energy are more sensitive for 
the ductile SB/PANI and ABS/PANI blends. However the reversed notch Izod 
impact energy can be used to indicate the transition from ductile to brittle 
fracture in the blends at higher PANI concentration. 
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CHAPTER 5: RESULTS & DISCUSSION  
EVALUATION OF STYRENIC / IDP BLENDS 
 
The research work described in Chapter 4 of this thesis shows that the 
electrical conductivity of the styrenic/PANI blends depends on the polarity of 
matrix polymers which influence the diffusion of plasticiser from PANI. In this 
chapter, conductive blends based on inherently dissipative polymer (IDP) 
were evaluated. The blends were prepared by direct injection moulding of the 
mixtures of the IDP with 4 different types of styrenic thermoplastics: 
polystyrene (PS) styrene-butadiene copolymer (SB), styrene-acrylonitrile 
(SAN), and acrylonitrile-butadiene-styrene terpolymer (ABS). Blend miscibility, 
electrical, morphology, and mechanical properties of these blends were 
investigated. 
 
5.1 Characterisation of polyether-olefin based IDP 
The selected IDP grade, Pelestat 300 is based on polyether-olefin block 
copolymer (PEO-PO) which consists of a polyether (PEO) hydrophilic 
segment and a polyolefin (PO) segment bonded together alternately and 
repeatedly as shown schematically in Figure 5.1 [23]. The PEO segment is 
responsible for ion conduction. However the glass transition temperature of 
the PEO segment needs to be lower than the ambient environment to induce 
polymer segmental motion in order to have good conductivity. This will cause 
negative impact on mechanical properties and thus the PO segment will serve 
as mechanical support. The IDP was characterised using Fourier-Transform 
Infrared spectrometry (FTIR) and differential scanning calorimetry (DSC). 
 
 
Figure 5.1 Schematic representation of a polyether-olefin block 
copolymer [23]. 
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The FTIR spectrum of PEO-PO is presented in Figure 5.2. It can be observed 
that the IDP consists of segments which have chemical structures similar to 
polypropylene (PP) and polyethylene glycol (PEG). The characteristic 
absorption bands of PP are indicated by the presence of CH2 and CH3 
stretching vibrations at about 2950 cm-1, 2918 cm-1, 2876 cm-1 and 2839 cm-1; 
the CH3 bending vibrations at about 1455 cm-1 and 1376 cm-1, and the CH2 
rocking vibration at about 841 cm-1 [119].  The characteristic absorption 
bands of PEG are indicated by the presence of C-O and C-C stretching and 
CH2 rocking vibrations at about 1143 cm-1, 1107 cm-1, and 1061 cm-1; and the 
C-O stretching and CH2 rocking vibrations at about 841 cm-1 [120]. These 
absorption bands are in good agreement with the spectrum of PEO-PO in 
Figure 5.2. The detailed peak assignments of PP and PEG are listed in Table 
5.1. The carbonyl absorption bands at about 1733cm-1 suggests that the PEO 
segment and the PO segment is bonded by ester (C=O) linkage, and the 
terminal carboxylic acid group of PO segment are indicated by the presence 
of carbonyl absorption bands at about 1705 cm-1 and the broad O-H band at 
about 3565 cm-1[121]. 
 
 
 
Figure 5.2 FTIR Spectra of PEO-PO 
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Table 5.1 Detailed infrared spectral peak assigments 
 
PP infrared spectral peak assigments [119] 
Wavenumber, cm-1 Assignment 
3000 – 2840 Asymmetric and symmetric stretching vibrations of CH2 
3000 – 2840 Asymmetric and symmetric stretching vibrations of CH3 
1459 Asymmetric bending vibration of CH3 
1376 Symmetric bending vibration of CH3 
1167 Rocking vibration of CH3 
998 Stretching vibration of C-C 
973 Stretching vibration of C-C 
840 Rocking vibration of CH2 
 
PEG infrared spectral peak assigments [120] 
Wavenumber, cm-1 Assignment 
2930 Asymmetric stretching vibrations of CH2 
2865 Symmetric stretching vibrations of CH2 
1470, 1453 Scissor mode vibrations of CH2 
1415, 1364 Wagging vibrations of CH2 
1283, 1236 Twisting vibrations of CH2 
1149, 1119, 1062 Stretching vibrations of C-O and C-C; rocking vibration of 
CH2 
844 Stretching vibration of C-O; rocking vibration of CH2 
 
 
DSC traces of PEO-PO are presented in Figure 5.3. Two melting endotherms 
which correspond to the PO and PEO segments of IDP could be observed 
from the DSC scan. Since the IDP comprises of the PP and PEG segments 
based on the FTIR analysis, the lower and higher melting endotherms will 
correspond to the PEO and the PO segments respectively. From the cooling 
DSC traces of IDP, two crystallisation exotherms observed at around 24oC 
and 91oC correspond to the PEO and PO segments of the IDP respectively. 
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The DSC result suggests that the PEO and PO segments exist in phase 
separated forms due to inherent immiscibility of the segments. 
 
 
 
Figure 5.3 DSC traces of PEO-PO: a) cooling, b) re-heating. 
 
It was shown that the PEO-PO consists of 2 segments that are chemically 
similar to the PEG and the PP. The compositions of PEO-PO was estimated 
by taking the ratio of the normalised heat of fusion (∆Hf) of the PO segment to 
the ∆Hf of the neat PP random copolymer which has closer melting 
temperature with the PO segment as shown in Appendix D. The PP 
concentration in the PEO-PO was estimated to be 42wt% which is in good 
agreement with the value of 41wt% suggested in the literature [23,34]. Thus 
the PEG concentration in the PEO-PO would be around 58wt%.   
 
5.2 Electrical properties of styrenic/IDP blends 
The volume resistance plots of PS/IDP, SB/IDP, SAN/IDP, and ABS/IDP 
blends as a function of IDP concentration are presented in Figure 5.4. It can 
be observed that the percolation plots of the blends exhibit trends of gradual 
reduction in volume resistance with respect to IDP concentration. This is 
similar to the styrenic/PANI blends observed in chapter 4 and unlike the steep 
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insulative-conductive transition over a narrow range of filler concentration 
observed in conventional conductive polymer composites containing carbon 
black [12,31]. However none of the blends evaluated was able to achieve the 
optimal volume resistance range of ≥ 1.0x105 to < 1.0x108 Ω for ESD 
applications. This can be due to the higher inherent volume resistance of IDP 
which is about two decades higher as compared to PANI. Thus a higher IDP 
concentration may be required in the matrix polymers to achieve the optimal 
volume resistance range.  
 
 
Figure 5.4 Volume resistance plot as a function of IDP concentration in 
PS, SB, SAN and ABS.  
 
From the percolation plots in Figure 5.4, about 7.5wt% of IDP is required to 
render the PS, SB and SAN dissipative and higher amount of IDP is required 
for ABS. Blends of IDP with the non-polar PS and SB appeared to have a 
lower volume resistance as compared to blends with polar SAN and ABS. 
Since the PEO segment of IDP is responsible for ionic conduction, the 
interaction between the acrylonitrile of SAN and ABS and the PEO segment 
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could possibly affect the segmental movement of the PEO chain and thus the 
mobility of ions for conduction. Largest difference in the volume resistance of 
the styrenic/IDP blends can be observed at 15wt% IDP concentration 
whereby the polar SAN/IDP and ABS/IDP blends have the highest volume 
resistance. The lower volume resistance of SB/IDP blend as compared to 
PS/IDP blend can be due to the better compatibility between the butadiene 
phase in SB and the PO segment of IDP. This could improve the dispersion of 
the IDP phases in the SB matrix and enhance the formation of conductive IDP 
network at lower IDP concentration. The percolation curves of the 
styrenic/IDP blends were observed to plateau and became less dependent on 
the matrix polymers when the blends contained about 25wt% to 35wt% of 
IDP. 
 
5.3 Miscibility studies of PS/IDP blends 
Figure 5.5 presents the representative DSC cooling and heating traces of the 
IDP, PS and PS/IDP blends. The neat IDP comprises of two crystallisation 
exotherms (peak I and peak II) at around 24°C and 91°C which correspond 
to the PEO and PO segments respectively. The melting endotherms of the 
PEO and PO segments occur at around 44oC and 134oC respectively. The 
vitrification and Tg of the neat PS are at around 98oC and 92oC respectively. 
In the PS/IDP blends, the vitrification of PS coincided with the crystallisation of 
PO segment while the PEO segment crystallised in the solidified PS matrix. 
The glass transition temperature (Tg) of the neat PS was observed to overlap 
with the melting endotherm of the PO segment of neat IDP.   
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(a) 
 
 
(b) 
 
Figure 5.5 DSC traces of PS, IDP and PS/IDP blends: (a) cooling, (b) re-
heating. 
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From Figure 5.5, the crystallisation behaviour of the IDP was observed to 
change radically up to 25wt% IDP (PS07–PS11). At 2.5wt% IDP (PS07), 
crystallisation exotherms of IDP was not detectable. At 5wt% and 7.5wt% IDP 
(PS08 and PS09), two small exotherms at lower temperatures than the neat 
IDP were observed. The presence of multiple crystallisation peaks determined 
at higher IDP concentrations (PS10 and PS11) is likely linked to fractionated 
crystallisation whereby the number of dispersed IDP particles exceeds the 
number of heterogeneities in the neat IDP [96-100]. This can result in the 
change of nucleation mechanism of IDP from heterogeneous to 
homogeneous nucleation and shift the crystallisation temperatures lower with 
decreasing IDP phases as indicated by the arrows in Figure 5.5a [97]. At 
35wt% IDP concentration (PS12), the crystallisation of IDP is relatively 
unaffected. It can be observed from Figure 5.5b that the higher shift in the Tg 
of the PS matrix with increasing IDP concentrations could be due to the 
dispersed IDP particles acting as filler and interact with the PS matrix. 
 
Table 5.2 summarises the thermal properties of the IDP, PS and PS/IDP 
blends. The normalised heat of fusion (∆Hf) of the PO segment of IDP in the 
blends was not evaluated as the Tg of PS overlapped with the melting 
endotherm can affect the results. The heterogeneous nucleated exotherms of 
the PEO and the PO segments were not detected at lower IDP 
concentrations. This is likely due to the change in nucleation mechanism of 
IDP to homogeneous nucleation at lower temperature.   
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Table 5.2 Thermal analysis of PS, IDP and PS/IDP blends.  
Sample 
code 
PS 
matrix 
IDP Phase 
PEO segment PO segment 
Tg 
(oC) 
Tm 
(oC) 
∆Hf 
(J/g) 
Tc 
(oC) 
Tco 
(oC) 
∆Tc 
(oC) 
Tm 
(oC) 
Tc  
(oC) 
Tco  
(oC) 
∆Tc 
(oC) 
PS 92 (0) - - - - - - - - - 
IDP - 44 (1) 
30.0 
(0.3) 
24 
(0) 
26 
(0) 2 
134 
(0) 
91  
(0) 
95  
(0) 4 
PS07 93 (1) 41 (2) 
17.3* 
(2.3) ND ND ND 
134 
(1) ND ND ND 
PS08 94 (1) 42 (1) 
26.0* 
(0.0) ND ND ND 
134 
(1) ND ND ND 
PS09 94 (0) 42 (0) 
19.1* 
(0.8) ND ND ND 
134 
(0) ND ND ND 
PS10 96 (0) 43 (0) 
27.3* 
(0.7) 
20 
(0) 
24 
(0) 4 
134 
(0) 
90 
 (0) 
94   
(1) 4 
PS11 97 (0) 44 (1) 
25.7* 
(0.6) 
21 
(1) 
25 
(1) 4 
133 
(1) 
91  
(0) 
95  
(0) 4 
PS12 98 (0) 44 (1) 
29.6* 
(0.2) 
23 
(1) 
27 
(1) 4 
134 
(0) 
90  
(0) 
94  
(0) 4 
Values in parentheses represent standard deviations 
∆Tc = Tco – Tc 
ND = Not Detected 
* Values normalised to the amount of the relevant phase 
 
It can be observed from Table 5.2 that the melting temperature (Tm) of the 
PEO segment of IDP at lower IDP concentrations (PS07–PS09) shifted lower 
and the Tm of the PO segment remained unchanged suggesting interaction 
between the PEO segment and the PS matrix. However at higher IDP 
concentrations (PS10–PS12), the Tm of both the PEO and the PO segments 
was unaffected. Generally the ∆Hf of PEO segment in the PS/IDP blends 
except at 35wt% IDP concentration (PS12) was lower than the PEO segment 
of the neat IDP implying a lower degree of crystallinity.  
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The crystallisation temperatures (Tc) of the PEO segment at 15wt% and 
25wt% IDP concentrations (PS10–PS11) was observed to shift lower but 
remained unchanged at 35wt% IDP (PS12). The parameter ∆Tc which is 
determined by the difference between the crystallisation peak temperature 
(Tc) and the crystallisation onset temperature (Tco) can be used as a measure 
of the overall rate of crystallisation, whereby the smaller the ∆Tc, the greater 
the rate of crystallisation [122-123]. The ∆Tc of the PEO segment in the 
PS/IDP blends compared with the neat IDP was doubled indicating a slower 
rate of crystallisation. This may imply that the crystallisation of PEO segment 
could have been restricted by the rigid PS matrix. Insignificant changes to the 
Tc and ∆Tc of PO segment throughout the entire range of IDP were observed. 
 
5.4 Morphology and mechanical properties of PS/IDP blends 
Figure 5.6 shows the optical micrographs of the PS/IDP blends under 
transmitted and polarised light which are used to study the dispersion of IDP 
in PS matrix. Finely dispersed IDP particles which appeared as bright specks 
under polarised light were observed in all PS/IDP blends evaluated. The size 
of dispersed IDP particles increased with IDP concentrations particularly at 
higher IDP concentrations (PS10–PS12). At 15wt% and 25wt% IDP (PS10 
and PS11), IDP particles greater than 5µm were observed. The observation of 
coarse dispersion of the IDP particles suggests poor miscibility between the 
IDP and PS. At 35wt% IDP (PS12), the IDP rich phase appeared to be the 
continuous phase.  
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(a)                                                    (b) 
 
Figure 5.6 Optical micrographs of PS/IDP blends: (a) transmitted light, 
(b) polarised light at 400X magnification. PS01 – PS06 correspond to 2.5, 
5, 7.5, 15, 25 and 35wt% IDP respectively. 
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Figure 5.7 SEM micrographs of PS/IDP blends. PS01 – PS06 correspond 
to 2.5, 5, 7.5, 15, 25 and 35wt% IDP respectively. 
 
Figure 5.7 shows the SEM micrographs of the PS/IDP blends which exhibit 
clear boundaries indicating the presence of two distinct phases. At lower IDP 
concentrations (PS07 – PS09), discrete IDP particles seated loosely in the 
“voids” were observed (examples are highlighted and indicated by the red 
arrows in Figure 5.7). As shown in DSC traces of Figure 5.5, the vitrification of 
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the PS matrix during the cooling process occurred before the crystallisation of 
IDP dispersed phase. When the IDP crystallises on the solidified PS matrix, 
shrinkage occurred due to reduction in the specific volume of IDP creating 
voids between the IDP domains and the PS matrix [116]. At 15wt% IDP 
(PS10), the size of IDP particles increased and became elongated, with the 
transformation of morphology to a less ductile fractured surface can be 
observed. At 25wt% IDP (PS11), combination of spherical and elongated 
dispersed phases was observed. At 35.0wt% IDP (PS12), the IDP phase 
developed into continuous phase with the presence of some discretely 
dispersed spherical phase.  
 
Table 5.3 summarises the mechanical properties of PS, IDP and PS/IDP 
blends. Representative stress-strain curves of these blends are presented in 
Appendix C5. Generally the tensile strength of the blends reduced 
significantly with IDP concentration. This could be due to the limited 
compatibility between the PS matrix and the IDP phase or a reduction due to 
the presence of a much weaker IDP phase.  
 
Table 5.3 Mechanical properties of PS, IDP and PS/IDP blends 
Sample 
Code 
Tensile Properties Izod Impact Energy 
Elongation 
@ Break 
(%) 
Elongation 
@ Yield 
(%) 
Strength 
@ Break 
(MPa) 
Strength 
@ Yield 
(MPa) 
Notched 
(J) 
Reversed 
notch (J) 
PS* 2 (0) - 43 (0) - 0.03 (0.00) 0.23 (0.00) 
IDP* 17 (2) 8 (1) 7 (0) 11 (0) 0.26 (0.01) 2.10 (0.09) 
PS07 2 (0) - 42 (0) - 0.03 (0.00) 0.23 (0.01) 
PS08 4 (1) 2 (0) 38 (2) 40 (1) 0.03 (0.00) 0.23 (0.01) 
PS09 5 (1) 2 (0) 34 (1) 37 (0) 0.03 (0.00) 0.24 (0.00) 
PS10 2 (0) - 26 (1) - 0.04 (0.02) 0.24 (0.01) 
PS11 2 (0) - 22 (0) - 0.04 (0.01) 0.27 (0.01) 
PS12 2 (0) - 16 (0) - 0.03 (0.00) 0.27 (0.02) 
Values in parentheses represent standard deviations 
*Neat polymer 
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The tensile elongation at break and the Izod impact energy (both notched and 
reversed notch) of the PS/IDP blends were normalised to 100% based on 
data of neat PS as shown in Figure 5.8.  
 
 
Figure 5.8 Mechanical properties of PS/IDP blends normalised to neat 
PS values. 
 
The tensile elongation at break of the PS/IDP blends was observed to 
increase significantly at 5wt% and 7.5wt% IDP concentrations (PS08 and 
PS09) which correspond to the presence of yielding. The result indicates the 
transition of the blends from brittle to ductile failure. At higher IDP 
concentrations (PS10–PS12), the tensile elongation at break reduced to that 
of neat PS. Since the tensile elongation at break is sensitive to the adhesion 
strength between the PS matrix and IDP phase, the increased in the tensile 
elongation at break in PS08 and PS09 suggests good interfacial bonding 
between the PS matrix and the IDP phase [109-112]. This is in good 
agreement with the morphology observed in Figure 5.6 which indicates that 
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the IDP was finely dispersed in the PS matrix at lower IDP concentration 
(PS08 and PS09). However, as the IDP content increased, the dispersed IDP 
phases coalesced into larger droplets which could act as stress concentrators 
reducing the tensile elongation at break to that of neat PS. The combination of 
elongation at break from low rate tensile testing and high rate Izod impact 
energy (notched and reversed notch) can be used to evaluate the changes in 
the toughness of the blends [116]. However in the PS/IDP blends, the 
increased in the tensile elongation at break at lower IDP concentrations (PS08 
and PS09) did not correspond to the increased in the Izod impact energy and 
vice versa at higher IDP concentrations (PS10–PS12). The larger droplets 
observed at higher IDP concentrations could reach the critical particle size 
that can block the propagation of cracks leading to the increased in the 
notched Izod impact energy. 
 
In order to verify the interfacial properties of the blends, the equivalent box 
model (EBM) proposed by Kolarik [42,124-125] was employed. The EBM was 
used to predict the upper and lower bound of tensile strength of binary blends 
by assuming either a perfect (A=1) or no (A=0) adhesion respectively as 
shown in Equations 5.1 to 5.6. 
 
 =  +			 + 
                               (5.1) 
       =	  −	 1 −	⁄ 

                        (5.2) 
      	 =	 	 −		 1 −		⁄ 
	
                        (5.3) 
 =	 −	                                  (5.4) 
	 =		 −		                                  (5.5) 
 =	 −		                                  (5.6) 
 
Where ,  and 	 are the tensile strengths of the blend and components 1 
and 2,  is the smaller of  and 	, A is the interfacial adhesion between 
components 1 and 2 (from perfect (A=1) to no (A=0) adhesion). , 	, , 
and 	 are the volume fraction of components 1 and 2 in parallel or series 
coupling respectively as shown in Figure 5.9. The terms  and  	 are 
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the critical percolation threshold for components 1 and 2, T1 and T2 are the 
critical universal exponents for components 1 and 2. Assuming discrete 
spherical domains,   = 	  = 0.15 and T1 = T2 = 2 as predicted from 
percolation theory [32-33]. In the region where 0 <  <   (or 0 < 	 < 
	), = 0 and =  (or 	= 0 and 	= 	). The worked example can 
be found in Appendix E of this thesis. 
 
 
Figure 5.9 EBM for a binary blend [124]. 
 
Figure 5.10 shows the upper and lower bound plots of tensile strength of 
PS/IDP blends predicted using the EBM with the actual experimental values.  
It can be shown that at lower IDP concentrations (PS07–PS09), the 
experimental values fitted well with the upper bound curve indicating good 
adhesion between the PS matrix and IDP phases. On the other hand, the 
experimental values fitted well with the lower bound curve at higher IDP 
concentrations (PS10–PS12) indicating poor adhesion between the PS matrix 
and IDP phases. These results are in good agreement with the tensile 
elongation at break and the dispersion of the IDP phases observed in Figure 
5.7. The finer IDP dispersion could provide larger surface area for interaction 
with the PS matrix and improve their interfacial adhesion.     
Φ2s
Φ1s
Φ1p Φ2p
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Figure 5.10 Upper (A=1) and lower bound (A=0) of tensile strength of 
PS/IDP blends predicted using EBM. 
 
The results demonstrated that the strong interfacial adhesion between the PS 
matrix and IDP phase is not sufficient for toughening the PS/IDP blends. Wu 
[126] postulated that the toughening mechanism of a polymer blend is 
affected by the rubber particle size, rubber-matrix adhesion and the inter-
particles distance. The finely dispersed IDP particles in PS matrix observed at 
lower IDP concentrations (PS07–PS09) did not improve the toughness of the 
blends as this could possibly be engulfed by the crazes initiated during impact 
test. Although the size of the IDP phases at higher IDP concentrations (PS10–
PS12) were large enough to terminate the initiated crazes, the toughness of 
the blends improved slightly. This could be due to the lack of good interfacial 
adhesion between the IDP phases and the PS matrix for stress transfer.  
 
5.5 Miscibility studies of SB/IDP blends 
Representative DSC cooling and heating traces of the IDP, SB and SB/IDP 
blends are presented in Figure 5.11. The vitrification and Tg of SB are at 
around 103oC and 99oC respectively which coincide with the crystallisation 
and the melting peaks of the PEO segment of IDP respectively. 
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(a) 
 
 (b) 
 
Figure 5.11 DSC traces of SB, IDP and SB/IDP blends: (a) cooling, (b) re-
heating. 
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From Figure 5.11, the crystallisation exotherms observed at lower 
temperature than the neat IDP at lower IDP concentrations (SB08 and SB09) 
and the multiple crystallisation peaks observed at higher IDP concentrations 
(SB10–12) as indicated by the arrows is likely due to the fractionated 
crystallisation whereby the number of dispersed IDP particles exceeds the 
number of heterogeneities in the neat IDP [96-100].   
 
The thermal properties of the IDP, SB and SB/IDP blends are summarised in 
Table 5.4. The ∆Hf of PO segment was not evaluated as the melting 
endotherms of PO segment of neat IDP overlapped with the Tg of neat SB.  
 
Table 5.4 Thermal analysis of SB, IDP and SB/IDP blends.  
Sample 
code 
SB 
matrix 
IDP Phase 
PEO segment PO segment 
Tg 
(oC) 
Tm 
(oC) 
∆Hf 
(J/g) 
Tc 
(oC) 
Tco 
(oC) 
∆Tc 
(oC) 
Tm 
(oC) Tc (
oC) Tco (oC) ∆Tc (oC) 
SB 99 (0) - - - - - - - - - 
IDP - 44 (1) 
30.0 
(0.3) 
24 
(0) 
26 
(0) 2 
134 
(0) 
91  
(0) 
95  
(0) 4 
SB07 97 (1) 
42 
(1) 
16.0* 
(0.0) ND ND ND 
133 
(2) ND ND ND 
SB08 96 (1) 
43 
(1) 
25.3* 
(1.2) ND ND ND 
137 
(0) ND ND ND 
SB09 97 (0) 
43 
(1) 
22.2* 
(1.5) ND ND ND 
136 
(1) ND ND ND 
SB10 98 (0) 
43 
(1) 
25.1* 
(0.4) ND ND ND 
135 
(0) 
89 
(0) 
93  
(0) 4 
SB11 98 (0) 
43 
(0) 
25.6* 
(0.8) 
14 
(1) 
18 
(0) 4 
136 
(1) 
88 
(1) 
93  
(1) 5 
SB12 98  (0) 
43 
(1) 
24.2* 
(0.3) 
15 
(0) 
18 
(0) 3 
136 
(1) 
89  
(0) 
94  
(0) 5 
Values in parentheses represent standard deviations 
∆Tc = Tco – Tc 
ND = Not Detected 
* Values normalised to the amount of the relevant phase 
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It can be observed from Table 5.4 that the Tg of the SB matrix and the Tm of 
the PEO segment were unaffected by the IDP concentration. However the Tm 
of the PO segment increased slightly with IDP concentrations above 5wt% 
suggesting some interactions between the PO segment and the butadiene 
phase of SB matrix. The ∆Hf of PEO segment in the SB/IDP blends was 
significantly lower as compared to the PEO segment of neat IDP indicating a 
lower degree of crystallinity of the dispersed phases. At higher IDP 
concentrations (SB10–SB12), the Tc of the PEO and the PO segments shifted 
lower. The rate of crystallisation of the PEO segment was reduced as 
indicated by the higher ∆Tc while the PO segment remained unchanged. 
Since the crystallisation of the PEO segment in the SB/IDP blends occurred in 
the solidified SB, this could affect the crystallisation of the PEO segment in 
the matrix. The lowering of Tc of the crystalline PO segment observed could 
be due to the interaction between the PO segment of IDP and the butadiene 
phase of SB in amorphous phase which act as diluent.  
 
5.6 Morphology and mechanical properties of SB/IDP blends 
Figure 5.12 shows the optical micrographs of the SB/IDP blends under 
transmitted and polarised light. The dispersion of IDP particles was hardly 
visible under both transmitted and polarised light at lower IDP concentrations 
(SB07 – SB09). As the IDP concentration increased, dispersed IDP phases 
were determined. Under the polarised light, the dispersed IDP phases 
appeared as bright specks. The size of dispersed IDP particles which 
increased with IDP concentrations appeared to be finer and more uniformly 
distributed in the SB matrix as compared to the PS/IDP blends, suggesting 
better miscibility between the IDP phases and the SB matrix. At 25wt% and 
35wt% IDP (SB11 and SB12), the presence of continuous conductive network 
of IDP can be seen from the micrograph using polarised light.  
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 (a)                                                    (b) 
 
Figure 5.12 Optical micrographs of SB/IDP blends: (a) transmitted light, 
(b) polarised light at 400X magnification. SB01 – SB06 correspond to 2.5, 
5, 7.5, 15, 25 and 35wt% IDP respectively. 
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Figure 5.13 SEM micrographs of SB/ISP blends. SB01 – SB06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% IDP respectively. 
 
The SEM micrographs of the SB/IDP blends are presented in Figure 5.13. 
Discrete IDP particles seated loosely in the “voids” can be observed in all the 
blends evaluated (examples are highlighted and indicated by the red arrows in 
Figure 5.13). These voids were created due to the reduction in the specific 
volume of IDP in the solidified SB matrix. At 15wt% IDP (SB10), the discrete 
IDP particles became elongated and form a network like structure. However at 
25wt% and 35wt% IDP (SB11 and SB12), the transformation of morphology to 
less ductile fractured surface was observed. The boundaries between the SB 
and IDP phases were less defined unlike the clear boundaries observed in the 
PS/IDP blends. 
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Table 5.5 summarises the mechanical properties of SB, IDP and SB/IDP 
blends. Representative stress-strain curves of these blends are presented in 
Appendix C6. Substantial reduction in tensile strength of the blends was 
observed with increasing IDP concentrations. This could be attributed to the 
limited compatibility between the SB and the IDP phases or the presence of a 
much weaker IDP phase. 
 
Table 5.5 Mechanical properties of SB, IDP and SB/IDP blends 
Sample 
Code 
Tensile Properties Izod Impact Energy 
Elongation 
@ Break 
(%) 
Elongation 
@ Yield 
(%) 
Strength 
@ Break 
(MPa) 
Strength 
@ Yield 
(MPa) 
Notched 
(J) 
Reversed 
notch (J) 
SB* 105 (4) 3 (0) 16 (1) 25 (0) 0.08 (0.00) 5.4 (0.2) 
IDP* 17 (2) 8 (1) 7 (0) 11 (0) 0.26 (0.01) 2.1 (0.1) 
SB07 113 (7) 3 (0) 16 (0) 23 (0) 0.10 (0.00) 5.1 (0.1) 
SB08 118 (2) 3 (0) 15 (0) 21 (0) 0.14 (0.01) 4.2 (0.1) 
SB09 123 (3) 3 (0) 15 (1) 20 (0) 0.17 (0.01) 4.0 (0.1) 
SB10 165 (8) 3 (0) 9 (1) 17 (0) 2.55 (0.12) 3.6 (0.1) 
SB11 99 (8) 6 (0) 5 (1) 16 (0) 0.17 (0.01) 3.5 (0.1) 
SB12 53 (3) 7 (0) 8 (1) 15 (0) 0.11 (0.01) 3.4 (0.1) 
Values in parentheses represent standard deviations 
*Neat polymer 
 
The tensile elongation at break and the Izod impact energy (both notched and 
reversed notch) of the SB/IDP blends were normalised to 100% based on 
data of neat SB as shown in Figure 5.14. The elongation at break increased 
initially with IDP concentrations up to 15wt% IDP (SB10). At 25wt% and 
35wt% IDP (SB11 and SB12), the elongation at break dropped significantly to 
below the initial value of neat SB. The SB/IDP blends exhibit ductile failure as 
indicated by the presence of yielding which increased at higher IDP 
concentrations (SB11 and SB12). The notched Izod impact energy correlates 
well with the elongation at break suggesting the improvement in the 
toughness of the SB/IDP blends with addition of IDP up to 15wt% (SB10). At 
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higher IDP concentrations (SB11 and SB12), the notched Izod impact energy 
started to reduce but were still higher than the initial value of neat SB. The 
results are in good agreement with the morphology observed in Figure 5.13. 
In the ductile SB/IDP blends, the reversed notch Izod impact energy is not 
sensitive in differentiating the changes in toughness.  
 
 
Figure 5.14 Mechanical properties of SB/IDP blends normalised to neat 
SB values. 
 
Interfacial properties of the SB/IDP blends were investigated by using the 
EBM. The plots of upper and lower bound of tensile strength of binary blends 
with the actual experimental values are presented in Figure 5.15. The 
experimental values fitted well with the lower bound curve at lower IDP 
concentrations (SB07–SB10), indicating poor adhesion between the SB 
matrix and IDP phases. At higher IDP concentrations (SB11–SB12), the 
experimental values shifted towards the upper bound curve indicating good 
adhesion between the SB matrix and IDP phases. This could possibly due to 
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the good compatibility between the PO segment of IDP and the butadiene 
phase of SB. These results contradict the elongation at break and the Izod 
impact energy but correlate well with the elongation at yield of the SB/IDP 
blends. Thus, the toughness of the SB/IDP blends were least affected by the 
interfacial adhesion between the IDP phases and the SB matrix but rather the 
interplay between the concentration and the size of the dispersed IDP phases 
seemed to affect the toughening mechanism of the blends. The reduction in 
the toughness of the blends at higher IDP concentrations (SB11 and SB12) 
could be due to the disruption of the rubber (butadiene phase) toughening 
mechanism by the larger dispersed IDP phases.   
 
 
Figure 5.15 Upper (A=1) and lower bound (A=0) of tensile strength of 
SB/IDP blends predicted using EBM. 
 
5.7 Miscibility studies of SAN/IDP blends 
Figure 5.16 presents the DSC thermograms of the IDP, SAN and SAN/IDP 
blends. The vitrification and Tg of SAN are at around 107oC and 102oC 
respectively which coincide with the crystallisation and the melting peaks of 
the PEO segment of IDP respectively 
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 (a) 
 
 (b) 
 
Figure 5.16 DSC traces of SAN, IDP and SAN/IDP blends: (a) cooling, (b) 
re-heating. 
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The same phenomenon linked to fractionated crystallisation observed in the 
PS/IDP and SB/IDP blends can be found in the SAN/IDP blends. The 
crystallisation exotherms due to homogeneous nucleation at lower IDP 
concentration (SAN08 and SAN09), and the fractionated crystallisation peaks 
at higher IDP concentration (SAN10 and SAN11) are indicated by the arrows 
in Figure 5.16a. It can be observed from Figure 5.16b that the melting peaks 
of the PEO segment shifted lower with decreasing IDP concentration.  
 
Table 5.6 summarises the thermal properties of the IDP, SAN and SAN/IDP 
blends. The ∆Hf of PO segment was not evaluated as it can be affected by 
the Tg of neat SAN which overlapped the melting endotherms of the PO 
segment of neat IDP. 
 
Table 5.6 Thermal analysis of SAN, IDP and SAN/IDP blends.  
Sample 
code 
SAN 
matrix 
IDP Phase 
PEO segment PO segment 
Tg 
(oC) 
Tm 
(oC) 
∆Hf 
(J/g) 
Tc 
(oC) 
Tco 
(oC) 
∆Tc 
(oC) 
Tm 
(oC) Tc (
oC) Tco (oC) ∆Tc (oC) 
SAN 102 (0) - - - - - - - - - 
IDP - 44 (1) 
31.6 
(0.2) 
24 
(0) 
26 
(0) 2 
134 
(0) 
91  
(0) 
95  
(0) 4 
SAN07 102 (0) 
34 
(1) 
10.7* 
(2.3) ND ND ND 
137 
(1) ND ND ND 
SAN08 102 (0) 
35 
(1) 
11.3* 
(1.2) ND ND ND 
138 
(0) ND ND ND 
SAN09 102 (0) 
38 
(1) 
20.4* 
(1.5) ND ND ND 
138 
(1) ND ND ND 
SAN10 102 (0) 
39 
(0) 
16.4* 
(1.0) 
17 
(1) 
24 
(0) 7 
137 
(0) 
95 
(1) 
99  
(0) 4 
SAN11 102 (0) 
42 
(0) 
22.8* 
(1.4) 
19 
(1) 
24 
(1) 5 
136 
(0) 
93 
(0) 
97  
(0) 4 
SAN12 101 (0) 
43 
(0) 
27.5* 
(0.3) 
21 
(0) 
25 
(0) 4 
135 
(0) 
91  
(0) 
95  
(0) 4 
Values in parentheses represent standard deviations 
∆Tc = Tco – Tc 
ND = Not Detected 
* Values normalised to the amount of the relevant phase 
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From Table 5.6, the Tg of the SAN matrix was unaffected by the IDP 
concentrations. At lower IDP concentrations (SAN07–SAN10), the Tm of the 
PEO and the PO segments was lowered by at least 5°C  and increased by at 
least 3°C respectively. This suggests interaction b etween the PEO segment 
of IDP and the acrylonitrile of SAN matrix. At higher IDP concentrations 
(SAN11–SAN12), the shift in the Tm of the PEO and PO segments were in the 
range of 0-2°C. The ∆Hf of PEO segments was significantly lower as 
compared to the PEO segment of the neat IDP indicating a lower degree of 
crystallinity. Heterogeneous nucleated peaks of the PEO and PO segments 
were undetectable at lower IDP concentrations (SAN07–SAN09). At higher 
IDP concentrations (SAN10–SAN12), the lower shift in the Tc and the delay in 
the rate of crystallisation of the PEO segment are likely due to the 
crystallisation of the PEO segment in the glassy SAN matrix. The rate of 
crystallisation of the PO segments of IDP in the blends was unaffected but 
seemed nucleated as indicated by the higher Tc with decreasing IDP 
concentrations. This could be due to the uneven distribution of 
heterogeneities in the neat IDP to the larger number of dispersed IDP phases 
which resulted in fractionated crystallisation.     
 
5.8 Morphology and mechanical properties of SAN/IDP blends 
Figure 5.17 shows the optical micrographs of the SAN/IDP blends under 
transmitted and polarised light. Under the polarised light, the dispersed IDP 
phases would appear as bright specks. Finely dispersed IDP particles can be 
observed at lower IDP concentrations (SAN07–SAN08). At higher IDP 
concentrations (SAN09–SAN12), large IDP particles with dimension greater 
than 5µm can be	 seen. The large IDP particles seemed to elongate and form 
fibrillar structures. This suggests that the IDP has good miscibility with the 
SAN matrix and correlates well with the DSC results. The IDP particles were 
more uniformly distributed as compared to the PS/IDP blends but formed a 
coarser IDP dispersion as compared to the SB/IDP blends. The presence of 
continuous conductive network of IDP can be seen from the micrograph using 
polarised light at 35wt% IDP (SAN12). 
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(a)                                                    (b) 
 
Figure 5.17 Optical micrographs of SAN/IDP blends: (a) transmitted light, 
(b) polarised light at 400X magnification. SAN01 – SAN06 correspond to 
2.5, 5, 7.5, 15, 25 and 35wt% IDP respectively. 
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Figure 5.18 SEM micrographs of SAN/IDP blends. SAN01 – SAN06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% IDP respectively. 
 
The SEM micrographs of the SAN/IDP blends are presented in Figure 5.18. 
Discrete IDP particles seated loosely in the “voids” were observed at lower 
IDP concentrations (SAN07–SAN09) (examples are highlighted and indicated 
by the red arrows in Figure 5.18) due to the reduction in specific volume of 
IDP in solidified SAN matrix. However, the number of IDP particles observed 
were lesser and smaller as compared to the PS/IDP and SB/IDP blends. At 
15wt% IDP (SAN10), the dispersion of IDP phases was hardly visible. As the 
IDP concentration continued to increase, the fractured surfaces of the blends 
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became less defined and the dispersed IDP phases were not detectable. This 
may be due to the formation of continuous conductive network.     
 
The mechanical properties of SAN, IDP and SAN/IDP blends are shown in 
Figure 5.7. Representative stress-strain curves of these blends are presented 
in Appendix C7. It can be observed that the tensile strength of the blends 
decreased significantly with IDP concentrations which could be due to the 
limited compatibility between the SAN matrix and the IDP phase or by the 
presence of weaker IDP.  
 
Table 5.7 Mechanical properties of SAN, IDP and SAN/IDP blends 
Sample 
Code 
Tensile Properties Izod Impact Energy 
Elongation @ 
Break (%) 
Strength @ 
Break (MPa) Notched (J) 
Reversed notch 
(J) 
SAN* 3 (0) 69 (0) 0.03 (0.00) 0.49 (0.02) 
IDP* 17 (2) 7 (0) 0.26 (0.01) 2.10 (0.09) 
SAN07 4 (0) 69 (0) 0.03 (0.00) 0.61 (0.03) 
SAN08 4 (0) 67 (2) 0.04 (0.00) 0.59 (0.01) 
SAN09 4 (0) 62 (1) 0.03 (0.01) 0.51 (0.03) 
SAN10 3 (0) 43 (1) 0.04 (0.01) 0.62 (0.04) 
SAN11 3 (0) 31 (0) 0.07 (0.01) 0.72 (0.02) 
SAN12 3 (0) 26 (0) 0.07 (0.00) 0.71 (0.05) 
Values in parentheses represent standard deviations 
*Neat polymer 
 
From the normalised mechanical properties plot shown in Figure 5.19, the 
tensile elongation at break is not sensitive to differentiate the changes in 
toughness of brittle SAN/IDP blends. The Izod impact energy (notched and 
reversed notch) did not show any trend at lower IDP concentrations (SAN07–
SAN10) but was observed to increase at higher IDP concentrations (SAN11 
and SAN12).  
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Figure 5.19 Mechanical properties of SAN/IDP blends normalised to neat 
SAN values. 
 
The interfacial properties of the blends were investigated by using EBM. The 
plots of upper and lower bound of tensile strength of binary blends with the 
actual experimental values are shown in Figure 5.20. At lower IDP 
concentrations (SAN07–SAN09), the experimental values were higher than 
the upper bound curve suggesting good adhesion and possibly synergistic 
interaction between the SAN matrix and IDP phases. On the other hand, the 
experimental values were closer to the lower bound curve at higher IDP 
concentrations (SAN10–SAN12) indicating poor adhesion between the IDP 
phases and the SAN matrix.  
 
The toughness of the SAN/IDP was least affected by the interfacial adhesion 
between the SAN matrix and the IDP phase. The size of the dispersed IDP 
phases which increased with IDP concentration seemed to improve the 
toughness of the SAN/IDP blends as indicated by the increased in impact 
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energy (both notched and reversed notch) at higher IDP concentrations 
(SAN10–SAN12). 
  
 
Figure 5.20 Upper (A=1) and lower bound (A=0) of tensile strength of 
SAN/IDP blends predicted using EBM. 
 
 
5.9 Miscibility studies of ABS/IDP blends  
The DSC heating and cooling traces of the IDP, ABS and ABS/IDP blends are 
shown in Figure 5.21. The vitrification and Tg of ABS are at around 104oC and 
101oC respectively which coincide with the crystallisation and the melting 
peaks of the PEO segment of IDP respectively.  
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(a) 
 
 (b) 
 
Figure 5.21 DSC traces of ABS, IDP and ABS/IDP blends: (a) cooling, (b) 
re-heating. 
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The crystallisation exotherms at lower temperature than the neat IDP and the 
multiple crystallisation peaks observed in Figure 5.21a as indicated by the 
arrows is likely due to the fractionated crystallisation whereby the number of 
dispersed IDP particles exceeds the number of heterogeneities in the neat 
IDP [96-100]. The melting peaks of the PEO segment can be observed to 
shift lower with decreasing IDP concentration as shown in Figure 5.21b. The 
observed crystallisation and melting peaks of ethylene bis stearamide (EBS) 
wax at around 101oC and 140oC respectively (Appendix B) shifted lower with 
increasing IDP concentrations suggesting interaction with the IDP. 
 
Table 5.8 summaries the thermal properties of the IDP, ABS and ABS/IDP 
blends. Since the melting endotherms of the PO segment of IDP overlapped 
with the Tg of neat ABS, ∆Hf of PO segment was not evaluated.  
 
Table 5.8 Thermal analysis of ABS, IDP and ABS/IDP blends.  
Sample 
code 
ABS 
Phase 
IDP Phases 
PEO segment PO segment 
Tg 
(oC) 
Tm 
(oC) 
∆Hf 
(J/g) 
Tc 
(oC) 
Tco 
(oC) 
∆Tc 
(oC) 
Tc  
(oC) 
Tco  
(oC) ∆Tc (
oC) 
ABS 101 (0) - - - - - - - - 
IDP - 44 (1) 
31.6 
(0.2) 
24 
(0) 
26 
(0) 2 
91  
(0) 
95  
(0) 4 
ABS07 101 (0) 35 (0) 
8.0* 
(0.0) ND ND ND ND ND ND 
ABS08 101 (1) 36 (1) 
10.0* 
(0.0) ND ND ND ND ND ND 
ABS09 100 (0) 36 (1) 
16.4* 
(1.5) ND ND ND ND ND ND 
ABS10 100 (0) 38 (1) 
18.0* 
(0.7) 
12 
(1) 
18 
(1) 6 
91 
 (0) 
96   
(0) 5 
ABS11 100 (0) 39 (1) 
20.9* 
(0.2) 
21 
(1) 
16 
(1) 5 
94  
(0) 
99  
(0) 5 
ABS12 100 (0) 39 (1) 
20.3* 
(0.0) 
22 
(1) 
17 
(1) 5 
94  
(1) 
99  
(1) 5 
Values in parentheses represent standard deviations 
∆Tc = Tco – Tc 
ND = Not Detected 
* Values normalised to the amount of the relevant phase 
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The Tg of ABS matrix was observed to be relatively unchanged with IDP 
concentrations. However, the lower shift in the Tm of the PEO segment by at 
least 5°C in all the ABS/IDP blends evaluated sugge sts interaction between 
the PEO segments of IDP and the acrylonitrile of ABS matrix. The ∆Hf of the 
PEO segment of IDP in the ABS/IDP blends was significantly lower than the 
PEO segment of neat IDP indicating a lower degree of crystallinity.  
 
Heterogeneous nucleated peaks of the PEO and PO segments were 
unnoticeable at lower IDP concentrations (ABS07–ABS09). The lower shift in 
the Tc and the delay in the rate of crystallisation of the PEO segment 
observed at higher IDP concentrations (ABS10–ABS12) are likely due to the 
crystallisation of the PEO segment in the glassy SAN matrix. The PO 
segments at 25wt% and 35wt% IDP concentrations (ABS11–ABS12) seemed 
to be more nucleated as indicated by the higher Tc which could be due to the 
presence of EBS wax. The rate of crystallisation of the PO segments 
remained relatively unchanged. 
 
5.10 Morphology and mechanical properties of ABS/IDP blends 
Figure 5.22 shows the optical micrographs of the ABS/IDP blends under 
transmitted and polarised light. The IDP particles could not be seen from the 
micrographs using transmitted light for any of the ABS/IDP blends evaluated. 
However, bright specks were observed from the micrographs using polarised 
light at lower IDP concentrations (ABS07 – ABS09) indicating the presence of 
finely dispersed IDP particles. At higher IDP concentrations (ABS10 – 
ABS12), the bright specks become more intense indicating the increase in 
size of IDP particles. At 35wt% IDP (ABS12), the IDP domain seemed to form 
a continuous conductive network.  
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(a)                                                    (b) 
 
Figure 5.22 Optical micrographs of ABS/IDP blends: (a) transmitted light, 
(b) polarised light at 400X magnification. ABS01 – ABS06 correspond to 
2.5, 5, 7.5, 15, 25 and 35wt% IDP respectively. 
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Figure 5.23 shows the SEM micrographs of the ABS/IDP blends. The 
boundaries between the ABS and IDP phases cannot be defined from the 
micrographs for any of the ABS/IDP blends evaluated. At 25wt% IDP 
(ABS11), the transformation of morphology to a less ductile fractured surface 
can be observed. This could be due to the presence of continuous conductive 
IDP network as indicated by the percolation plots of ABS/IDP blends shown in 
Figure 5.4. 
 
 
Figure 5.23 SEM micrographs of ABS/IDP blends. ABS01 – ABS06 
correspond to 2.5, 5, 7.5, 15, 25 and 35wt% IDP respectively. 
1μm
1μm
1μm
1μm
1μm1μm
ABS07
ABS12
ABS11
ABS10
ABS08
ABS09
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Table 5.9 summarises the mechanical properties of ABS, IDP and ABS/IDP 
blends. Representative stress-strain curves of these blends are shown in 
Appendix C8. Generally the tensile strength of the blends reduced 
significantly with IDP concentration. This could be due to the limited 
compatibility between the ABS matrix and the IDP phase or to the IDP which 
has much lower tensile strength. 
 
Table 5.9 Mechanical properties of ABS, IDP and ABS/IDP blends 
Sample 
Code 
Tensile Properties Izod Impact Energy 
Elongation 
@ Break 
(%) 
Elongation 
@ Yield 
(%) 
Strength 
@ Break 
(MPa) 
Strength 
@ Yield 
(MPa) 
Notched 
(J) 
Reversed 
notch (J) 
ABS* 7 (2) 3 (0) 27 (1) 40 (0) 0.87 (0.01) 7.9 (0.5) 
IDP* 17 (2) 8 (1) 7 (0) 11 (0) 0.26 (0.01) 2.1 (0.1) 
ABS07 20 (8) 3 (0) 24 (1) 38 (0) 0.85 (0.01) 8.8 (0.4) 
ABS08 12 (3) 3 (0) 19 (3) 36 (0) 0.87 (0.02) 8.2 (0.9) 
ABS09 24 (6) 3 (0) 13 (3) 34 (1) 0.76 (0.02) 8.0 (0.2) 
ABS10 11 (2) 3 (0) 14 (2) 30 (0) 0.47 (0.03) 1.2 (0.1) 
ABS11 4 (0) - 22 (0) 22 (0) 0.25 (0.01) 1.1 (0.1) 
ABS12 4 (0) - 19 (1) 19 (1) 0.18 (0.01) 1.2 (0.1) 
Values in parentheses represent standard deviations 
*Neat polymer 
 
The Izod impact energy (notched and reversed notch) and tensile elongation 
at break of the ABS/IDP blends were normalised to 100% based on data of 
neat ABS as shown in Figure 5.24. The tensile elongation at break of the 
ABS/IDP blends increased higher than the neat ABS at lower IDP 
concentrations (ABS07–ABS10) but did not exhibit any trend with IDP 
concentrations. The observed significant reduction in the elongation at break 
at higher IDP concentration (ABS11–ABS12) and the absence of yielding 
suggests the transition from a ductile to brittle fracture. The result correlates 
well with the morphology showing the transformation to a less ductile 
fractured surface at 25wt% IDP (ABS11) in Figure 5.23. The toughness of the 
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ABS/IDP blends remained almost unchanged at lower IDP concentrations 
(ABS07–ABS09). However, the toughness of the blends dropped significantly 
at higher IDP concentrations (ABS10–ABS12). This could possibly be due to 
the disruption of rubber (butadiene phase) toughening mechanism of the neat 
ABS polymer by the presence of larger incompatible IDP particles. The 
notched Izod impact energy is more sensitive in differentiating the changes in 
toughness.  
 
 
Figure 5.24 Mechanical properties of ABS/IDP blends normalised to neat 
ABS values. 
 
As shown in Figure 5.25, the plots of upper and lower bound of tensile 
strength of ABS/IDP blends were predicted using EBM in order to investigate 
the interfacial properties. The experimental values fitted well with the upper 
bound curve at lower IDP concentrations (ABS07– ABS10) indicating good 
adhesion. At higher IDP concentrations (ABS11 – ABS12), the experimental 
values shifted towards the lower bound curve indicating poor adhesion. The 
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result correlates well with the tensile elongation at break and the Izod impact 
energy (notched and reversed notch).  
 
 
Figure 5.25 Upper (A=1) and lower bound (A=0) of tensile strength of 
ABS/IDP blends predicted using EBM. 
 
5.11 Conclusions 
Characterisation of polyether-olefin based IDP 
Based on the FTIR and DSC analysis, the selected polyether-olefin based 
IDP grade constitutes two phase-separated PEG and PP segments bonded 
by an ester linkage. The compositions of the PEG and PP in IDP are 
estimated to be 58wt% and 42wt% respectively. 
 
Electrical properties of styrenic/IDP blends 
The electrical conductivity of the styrenic/IDP blends are dependent on 
polarity of the matrix polymers as indicated from the percolation plot. Blends 
with non-polar PS and SB appeared to have a better electrical conductivity 
compared to blends with polar SAN and ABS. 
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None of the styrenic/IDP blends evaluated was able to achieve the optimal 
volume resistance range of ≥ 1.0x105 to < 1.0x108 Ω for ESD application. This 
is likely to be due to the higher inherent volume resistance of IDP which is 
about two decades higher than the PANI.  
 
Miscibility studies of styrenic/IDP blends 
In the PS/IDP blends, the Tg of PS increased with increasing IDP 
concentration. The dispersed IDP particles can act as filler and interact with 
the PS.  
 
The interaction between the matrix polymer and the IDP can be indicated by 
the shift in Tm of PEO and PO segments of IDP. Table 5.10 summarises the 
change in Tm of IDP in different matrix polymers at various IDP 
concentrations. Blends with polar SAN and ABS have the strongest 
interaction between the polar PEO segment and the matrix polymers as 
indicated by the largest change in Tm. Since the PEO segment is responsible 
for ion conduction, the polar SAN and ABS having strong interaction with the 
PEO segment appeared to have a poorer electrical conductivity as compared 
to the non-polar PS and SB.  
 
Table 5.10 Summary of styrenic/IDP blends on the change in Tm of IDP. 
IDP 
Concentrations 
(wt%) 
PEO Segment PO segment 
PS SB SAN ABS PS SB SAN ABS 
Change in Tm (oC) 
2.5 -3 -2 -10 -9 0 -1 3 * 
5.0 -2 -1 -9 -8 0 3 4 * 
7.5 -2 -1 -6 -8 0 2 4 * 
15.0 -1 -1 -5 -6 0 1 3 * 
25.0 0 -1 -3 -5 1 2 2 * 
35.0 0 -1 -1 -5 0 2 1 * 
*Not evaluated since the Tm of PO segment overlapped the Tm of EBS wax 
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Fractionated crystallisation due to the number of dispersed IDP particles 
exceeding the number of heterogeneities in the neat IDP can be observed in 
the styrenic/IDP blends, particularly at lower IDP concentrations. The 
phenomenon exists as the presence of multiple crystallisation peaks of IDP 
and the homogeneous nucleated peaks of IDP at lower temperature. 
 
Morphology and mechanical properties of styrenic/IDP blends 
The formation of the continuous conductive network can be observed at 
35wt% IDP using optical microscope under polarised light. The IDP appeared 
as bright specks under polarised light. From the SEM micrographs, the 
discrete IDP particles seated loosely in the “voids” observed in the PS/IDP, 
SB/IDP, and SAN/IDP blends can be created due to the reduction in the 
specific volume of IDP in the solidified styrenic matrix. 
 
The IDP is a much weaker and tougher material than the styrenic 
thermoplastics as indicated by their mechanical properties. This resulted in 
lower tensile strength of the styrenic/IDP blends determined. The toughness 
of the PS/IDP and SAN/IDP blends was not impaired by the addition of 
tougher IDP. At higher IDP concentration, it improved the toughness of 
SAN/IDP blend as indicated by the Izod impact energy. In the SB/IDP and 
ABS/IDP blends, the toughness was substantially reduced at higher IDP 
concentrations. This can possibly be due to the disruption of rubber 
(butadiene phase) toughening mechanism of the neat SB and ABS by the 
presence of larger incompatible IDP particles. At lower IDP concentration, the 
toughness of SB/IDP blends increased with IDP concentration but was 
unaffected in ABS/IDP blends. The combination of elongation at break from 
low rate tensile testing and high rate Izod impact energy (notched and 
reversed notch) can be used to evaluate the changes in the toughness of the 
styrenic/IDP blends. 
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Equivalent box model can be used to predict the lower and upper bound of 
the tensile strength of styrenic/IDP blends. The experimental data fitted well 
with the lower bound curve would indicate poor interfacial adhesion between 
the IDP phases and the styrenic matrix. On the other hand, good interfacial 
adhesion can be indicated by the fitting of experimental data with the upper 
bound curve. Good interfacial adhesion between the IDP phases and the 
matrix polymers observed in the PS/IDP, SAN/IDP, and ABS/IDP blends at 
lower IDP concentration can possibly be due to the presence of finer IDP 
dispersion. In the SB/IDP blends, the good compatibility between the PO 
segment of IDP and the butadiene phase of SB would enhance the interfacial 
adhesion between the IDP phases and the SB matrix at higher IDP 
concentration.  
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CHAPTER 6: RESULTS & DISCUSSION  
MODIFICATION OF INHERENTLY DISSIPATIVE POLYMER 
 
The results of studies conducted in Chapter 5 of this thesis show that none of 
the evaluated blends of styrenic matrix polymers with inherently dissipative 
polymer (IDP) based on polyether-olefin block copolymer (PEO-PO) were 
able to achieve the optimal volume resistance range of ≥ 1.0x105 to < 1.0x108 
Ω for electro-static discharge (ESD) applications. The main reason is likely to 
be the inherently higher volume resistance of PEO-PO as compared to 
polyaniline (PANI), which will require higher PEO-PO concentrations in order 
to achieve the optimum volume resistance in styrenic/IDP blends for ESD 
applications.  
 
In this chapter of research, polyethylene glycols (PEGs) with different molar 
masses were blended with PEO-PO by compounding to investigate the 
feasibility of improving its conductivity. Blend miscibility, electrical properties, 
and morphology of these blends were investigated. It has been reported that 
the incorporation of PEG plasticiser into PEO based polymer electrolyte can 
improve the electrical conductivity by increasing the segmental motion of its 
amorphous phase which leads to increase in the mobility of ions [91-92] and 
one of the factors affecting its performance in PEO based polymer electrolyte 
is the molecular weight of the PEG [93].  
 
The plasticised PEO-PO with the lowest volume resistance was selected for 
blending with polystyrene (PS) and styrene-acrylonitrile copolymer (SAN) 
which represent the non-polar and polar matrix polymers respectively for 
comparison with the styrenic/PEO-PO blends. The influence of processing 
method by direct injection moulding and compounding and the addition a 
block copolymer based on styrene/ethylene-butylene/styrene (SEBS) as 
compatibiliser on the electrical and mechanical properties of the un-plasticised 
and plasticised styrenic/PEO-PO blends were studied. 
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6.1 Characterisation of polyethylene glycol 
Poly(ethylene glycol)s (PEGs) are polyethers that contain ether linkages in 
their main polymer chain structure with two hydroxyl terminal groups as 
shown in Figure 6.2 [24,127-128].  
 
 
Figure 6.1 Chemical structure of PEG 
 
In this study, three PEG grades selected for modification of IDP varied in their 
molar mass as shown in Table 3.3. The lowest molar mass PEG selected is 
about 400 g/mol and is in liquid form. It has been reported that PEGs with 
molar mass less than 800 g/mol are liquid at room temperature of 23oC [128]. 
The medium and highest molar masses PEGs selected for modification are 
4000 g/mol and 35000 g/mol respectively. The presence of hydroxyl groups in 
the PEGs depend on their molar mass and can be indicated by their hydroxyl 
number as calculated using Equation 6.1 [128-130].  
 
                   		
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                 (6.1) 
 
where KOH = potassium hydroxide and f = hydroxyl functionality = 2. Figure 
6.2 presents the plot of hydroxyl number against the molar mass of the PEGs. 
Besides the increased in viscosity with increasing molar mass, the polarity of 
the PEGs reduced with their molar mass as indicated by the decrease in their 
hydroxyl number.  
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Figure 6.2 Schematic representations of PEGs. 
 
The PEGs were characterised using differential scanning calorimetry (DSC). 
Table 6.1 summarises the thermal properties of PEGs used in the PEO-
PO/PEG blends.  
 
Table 6.1 Thermal analysis of selected PEG grades 
Sample 
code Tm (
oC) ∆Hf (J/g) Xc (%) Tc (oC) Tco (oC) ∆Tc (oC) 
P-8 -1 (0) 
40.2  
(1.3) 21 
-35 
(1) 
-25 
(1) 10 
P-90 59 / 62
#
  
(0) 
111.2 
(0.5) 59 
32 
(1) 
35 
(1) 3 
P-800 66  (0) 
115.7 
(2.7) 62 
43 
(1) 
46 
(0) 3 
Values in parentheses represent standard deviations 
∆Tc = Tco – Tc 
# Melting endothermic doublet 
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From table 6.1, the melting (Tm) and crystallisation (Tc) temperatures, the 
degree of crystallinity (Xc) and the rate of crystallisation (∆Tc) can be observed 
to increase drastically when the physical form of PEG changes from liquid (P-
8) to solid (P-90 and P-800). The Tc and Tm of the solid PEGs were observed 
to increase with molar mass but the degree of crystallinity and rate of 
crystallisation remained relatively unchanged. It was determined that the Tm of 
PEGs increase with molar mass and plateau at a temperature of about 65oC 
[24].  
 
The representative DSC cooling and heating traces of the PEGs are 
presented in Figure 6.3. The sharp and fast crystallisation and melting peaks 
were observed in the solid PEGs suggesting that the PEGs have narrow 
molecular weight distribution. On the other hand, the liquid PEG would have a 
broader molecular weight distribution as indicated by the gentle crystallisation 
and melting peaks.    
 
 
Figure 6.3 DSC traces of PEGs: a) cooling; b) second heating 
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6.2 Electrical properties of PEO-PO/PEG blends 
The volume resistance plot of PEO-PO/PEG blends as a function of PEG 
concentrations are presented in Figure 6.4. The volume resistance of the 
PEO-PO was affected by the molar mass of the PEGs used. The addition of 
the low molar mass (P-8) was observed to reduce the volume resistance of 
PEO-PO. At 20wt% PEG, the volume resistance of PEO-PO reduced by 
about a decade to 9.6x105 Ω. When blended with the medium molar mass (P-
90) PEG, the volume resistance of PEO-PO was observed to increase linearly 
with PEG concentration. The volume resistance of PEO-PO was reduced with 
the addition of 10wt% high molar mass (P-800) PEG but at 20wt% PEG, the 
volume resistance returned to the original value of neat PEO-PO. 
 
 
Figure 6.4 Electrical properties of PEO-PO/PEG blends. 
 
Since the PEO segment of the PEO-PO is responsible for ion conduction [23], 
the change in the volume resistance of PEO-PO by the addition of PEGs 
would possibly be due to the interaction between the PEO segment and the 
PEGs. The phase structure of the PEO can be postulated to be similar to the 
PEO based polymer electrolyte as shown in Figure 6.5 [92, 131-132]. At least 
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three phases exist in the structure of the PEO, namely the non-conducting 
pure PEO crystalline phase, the poor conducting salt rich PEO crystalline 
phase, and the good conducting PEO amorphous phase. The ionic 
conducting mechanisms of the salt rich PEO crystalline phase and the PEO 
amorphous phase are by thermal activation of ions and the segmental motion 
of the polymer chain respectively [24 – 25]. Thus reducing the amount of 
crystalline region or increasing the free volume of the amorphous region 
would increase the mobility of ions and the conductivity of PEO-PO [132-133]. 
 
 
Figure 6.5 Schematic phase structure of PEO 
 
The selected low molar mass PEG is a liquid which has the lowest glass 
transition temperature (Tg) [128] and the highest terminal hydroxyl groups 
concentration. When added to PEO-PO, it can increase the free volume of the 
amorphous region of the PEO segment. Also, the low viscosity of the PEG 
can increase the mobility of the polymer chains of the PEO segment and 
enhance the mobility of ions [132-134]. This would lead to decrease in the 
volume resistance of the PEO-PO. The high concentration of the hydroxyl 
groups in the PEG can increase the polarity and the dielectric constant of the 
PEO segment [135-136] which would increase its efficiency to dissolve more 
salts and dissociate the dissolved salts into ions to increase the conductivity 
[134, 136-137].  
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Both the medium and high molar mass PEGs are crystalline and waxy solids. 
The incorporation of the PEGs into PEO-PO can act as diluent and possibly 
reduce the conductivity of the PEO-PO. This is similar to addition of 
conductive additives to improve the conductivity of the thermoplastic polymer 
but in the opposite direction and explains the increased in the volume 
resistance of PEO-PO with addition of medium molar mass PEG (PEG-90). It 
was reported that the PEG with molar mass greater than 5000 g/mol would 
behave as random coils in solution [134,138]. The molecular chains of the 
high molar mass PEG (P-800) are long enough to be coiled and entangled to 
hinder the crystallisation of the PEO segment which would enhance the 
mobility of ions for conductivity as indicated by the reduction in volume 
resistance of the PEO-PO at 10wt% PEG. On the other hand, the high 
viscosity of the PEG can decrease the mobility of the polymer chains of the 
PEO segment and thus reduce the mobility of the ions and the conductivity of 
the PEO-PO [134]. Alternatively, the PEG can also act as diluent to reduce 
the conductivity of the PEO-PO. This can explain the volume resistance of the 
PEO-PO with the addition of 20wt% PEG returned back to the original value 
of the neat PEO-PO. In order to justify the hypotheses, miscibility studies of 
the PEO-PO/PEG blends were conducted.  It has been determined in Chapter 
5 of this thesis that the PEO segment was chemically similar with PEG. Thus 
the miscibility of the PEGs in the PEO segment would depend on the entropy 
of mixing (∆%&') [42]. The lower the molar mass of the PEGs, the higher the 
entropy of mixing term and the better miscibility between the PEGs and the 
PEO segment.  
 
6.3 Miscibility studies of PEO-PO/PEG blends 
The optical clarity of the PEO-PO/PEG blends can be used as preliminary 
assessment on the miscibility of the blends as shown in Figure 6.6. The clarity 
of the blends was compared with the neat PEO-PO.  
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Figure 6.6 Optical clarity of PEO-PO and PEO-PO/PEG blends. 
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It can be observed from Figure 6.6 that the addition of the low molar mass 
PEG at both 10wt% and 20wt% did not affect the clarity of the PEO-PO. The 
addition of 10wt% of medium molar mass PEG (P-90) improved the clarity of 
the PEO-PO but imparted haziness at 20wt% PEG. The addition of high molar 
mass PEG (P-800) caused a significant reduction in clarity of PEO-PO even 
at 10wt% PEG. There are a number of factors such as the addition of the 
semi-crystalline phase, the differences in the refractive indices of the phases 
and the sample preparation which could lead to ambiguous conclusions 
concerning the miscibility of these blends by visual assessment [126 – 127]. 
In the binary blends, the optical clarity can be reduced with the increase in the 
crystalline phase but can remain unchanged with the two immiscible phases 
having the same refractive indices.  
 
PEO-PO is a semi-crystalline block copolymer. At the order-disorder transition 
temperature (TODT), the melt of PEO-PO can self-assemble into ordered 
micro-phase separated PEO and PO domains as shown in Figure 6.7 [139-
140].  
 
 
Figure 6.7 Schematic representation of micro-phase separation in PEO-
PO melt [re-constructed from ref 139]. 
 
170 
 
The crystallisation process of one of the blocks would compete with the micro-
phase separation. Depending on the extent of segregation, the crystallisation 
can occur in the confined regions of the strongly segregated blocks and the 
ordered micro-phase separated morphology remained unchanged. On the 
other hand the crystallisation process of one of the blocks can destroy the 
ordered micro-phase separated morphology in the weakly segregated blocks 
[141-142]. The extent of segregation would depend on the Flory-Huggins 
interaction parameter (() of the block chains, the length of the block chains 
(N) and the volume fraction (fi) of the block chains [139-140]. In the PEO-
PO/PEG blends, the miscibility of PEG would depend on its interaction with 
the PEO-PO, its molar mass, and its volume fraction in the blends.  
 
Differential Scanning Calorimetry (DSC) is a widely used technique in 
determining blend miscibility [94]. Figure 6.8 presents the representative DSC 
heating and cooling traces of the PEO-PO/PEG blends. In the blends of PEO-
PO with low (P8-10 and P8-20) and medium (P90-10 and P90-20) molar 
masses PEGs, lower shift and broadening in the crystallisation peaks of the 
PO segments can be observed with increasing PEG concentration. The 
crystallisation peaks of the PEO segments shifted higher with increasing 
medium molar mass PEG concentrations but remained unchanged with low 
molar mass PEG. Both the crystallisation peaks of the PO and PEO segments 
remained qualitatively unchanged with addition of high molar mass PEG 
(P800-10 and P800-20).  
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(a) 
 
(b) 
 
Figure 6.8 DSC traces of IDP and PEO-/PEG blends: (a) cooling; (b) re-
heating. 
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In the blends of PEO-PO with high molar mass PEG (P800-10 and P800-20), 
the additional melting peaks observed in Figure 6.8b can be caused by the 
PEG due to the limited miscibility. Since the PEO segment is chemically 
similar to the PEG, the solubility of the PEG would depend on its ability to 
penetrate the PEO segment which can be affected by the molar mass of PEG 
and the interaction between the PEG and the PEO segment [139-140]. The 
longer molecular chains of high molar mass PEG could be bigger than the 
PEO segment and thus limit its solubility with the PEO segment. The 
presence of the doublet melting peaks observed in the blends of PEO-PO with 
high concentration of medium molar mass PEG (P90-20) can possibly be due 
to the amount of PEG added exceeding its solubility limit in the PEO segment. 
Besides the molar mass of PEG, the amount of PEG that can be solubilised in 
the PEO segment would depend on the molar mass ratio of the PEG to the 
PEO segment whereby a lower molar mass ratio would allow more PEG to 
solubilise [140]. These results correlate well with the visual assessment 
shown in Figure 6.6 whereby the worst clarity was observed in the samples 
containing the high molar mass PEG and 20wt% medium molar mass PEG 
(P800-10, PEG-800-20, and P90-20). The melting peaks of the PEO 
segments of blends consist of the low and high molar mass PEGs remained 
qualitatively unchanged, but was shifted higher with addition of medium molar 
mass PEG. It can be observed that the melting peaks of the PO segments 
remained qualitatively unchanged irrespective of the molar mass and PEG 
concentrations indicating limited interaction. 
 
Table 6.2 summarises the thermal properties of PEO-PO and PEO-PO/PEG 
blends. It is evident that the addition of the low molar mass PEG (PEG-8) 
increased the degree of crystallinity of the PEO segment as indicated by the 
increase in the normalised ∆Hf but the degree of crystallinity of the PO 
segment remained almost unchanged. This can possibly due to the miscibility 
of the PEG with the PEO segment but not with the PO segment. The chain 
mobility of the PEO segments can be increased by the presence of PEG 
which would increase the rate of diffusion of the chains to the growing crystals 
leading to the increased in the degree of crystallinity of the PEO segments 
[143].  
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The miscibility of the low molar mass PEG with the PEO segment can 
increase its polarity due to the presence of the high concentration of hydroxyl 
groups in the PEG. The increase in the polarity of the PEO segment would 
increase the (  parameter between the PEO and PO blocks as shown in 
Equation 2.14 and 2.15. This would then increase the extent of segregation of 
the blocks and encourage the crystallisation of the blocks to occur in confined 
regions at lower crystallisation temperature (Tc) [141]. Chen et al [142] 
suggested that the nucleation mechanism in the confined region is 
homogeneous as the macroscopic impurity particles that served as 
heterogeneous nuclei cannot be contained in the confined region. The 
crystallisation temperature (Tc) and the rate of crystallisation (∆Tc) of the PO 
segment can be observed to decrease with increasing PEG concentrations 
which could be due to the reduction in the proportion of the PO segment. 
 
Since the PEO segments are responsible for ionic conductivity, the increase 
in the degree of the crystallinity of PEO segments would hinder the mobility of 
ions for electrical conductivity [25,92]. However, the volume resistance of the 
PEO-PO reduced with the addition of the PEG. The addition of low molar 
mass PEG which is miscible can increase the free volume of amorphous 
region in the PEO segment and increase the segmental motion of the polymer 
chain and the mobility of ions for conductivity. The PEG in the PEO segment 
could exist as separate ionic pathways for the migration of free ions [93]. 
 
In the blends of PEO-PO with medium molar mass PEG, the degree of 
crystallinity of both the PEO and PO segments was observed to be relatively 
unchanged with increasing PEG concentration. This suggests that the 
insulative PEG acted as diluent and increased the volume resistance of the 
PEO-PO with increasing PEG concentrations. The higher shift in the melting 
temperature (Tm) and the Tc of the PEO segment would indicate miscibility of 
PEG with the PEO segment. This would increase the polarity of the PEO 
segment and the ( parameter between the PEO and PO blocks similarly with 
the addition of low molar mass PEG, and cause the lower shift in the Tc of the 
PO segment with the increase in the extent of segregation of the PEO and PO 
blocks. The shift in the Tc observed in the PO segment of PEO/PEG blends 
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containing both the low and medium molar mass PEG correlates well with the 
polarity of the PEG. The reduction in the Tc and ∆Tc of the PO segment 
observed with increasing PEG concentrations is likely due to the reduction in 
the proportion of the PO segment. 
 
The reduction in the degree of the crystallinity of the PEO segment as 
indicated by the decrease in the normalised heat of fusion (∆Hf) can be 
observed with the addition of high molar mass PEG in Table 6.2. The high 
molar mass PEG which can behave as random coil could interact and hinder 
the crystallisation of the PEO segment. At 20wt% PEG, the volume resistance 
of the blend returned back to the original value of the neat PEO-PO. This can 
be due to the limited miscibility of the PEG with the PEO segment act as 
diluent at higher PEG concentration.  
 
 
6.4 Morphology of PEO-PO/PEG blends 
The optical micrographs of the PEO-PO and the PEO-PO/PEG blends 
obtained using polarised light are shown in Figure 6.9. The spherulitic 
structures featured in the micrographs are indicated by the bright specks.   
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It is evident that the morphologies of the PEO-PO/PEG blends are affected by 
the molar mass and the concentrations of the PEGs. The addition of low and 
medium molar mass PEGs seemed to increase the size of the spherulitic 
structures of PEO-PO with increasing PEG concentration. Since the 
crystallisation rate of the PO segments has been shown to decrease with 
increasing PEG concentration, this would encourage larger crystal growth as 
the effects of impingement and distortion of the growing crystals were 
minimised. At lower PEG concentration of the PEO-PO/PEG blends with high 
molar mass PEG, the size of the spherulitic structures seemed to reduce and 
the bright specks became less intense as compared to PEO-PO. This 
correlates well with the decrease in the degree of crystallinity observed in the 
PEO segments of the blends. At higher concentration of PEG addition, the 
size of the spherulitic structures seemed to increase. This can possibly due to 
the limited miscibility between the PEO-PO and the highest molar mass PEG.  
 
6.5 Blends of modified IDP with PS and SAN 
Among the PEO-PO blends evaluated, the addition of 20wt% lowest molar 
mass PEG (P8-20) exhibited the lowest volume resistance, thus it was 
selected for blending with PS and SAN. It was shown previously in Chapter 5 
of this thesis that the volume resistance of the styrenic/PEO-PO blends 
started to plateau at PEO-PO concentration beyond 25wt%, thus all the 
blends used for subsequent evaluations were based on 25wt% active PEO-
PO concentration. The electrical resistance, blend miscibility, mechanical and 
morphological properties of un-plasticised and plasticised styrenic/PEO-PO 
blends prepared by both directly injection moulding and compounding were 
investigated. The SEBS block copolymer was added into plasticised PEO-PO 
by compounding and this compound was subsequently blended with PS by 
direct injection moulding to study the effect on compatibilisation.  
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6.5.1 Electrical properties un-plasticised and plasticised styrenic/PEO-
PO blends 
Figure 6.10 summarises the volume and surface resistance of the un-
plasticised and plasticised PS/PEO-PO and SAN/PEO-PO blends prepared 
by direct injection moulding and compounding. The electrical resistance of the 
un-plasticised and plasticised styrenic/PEO-PO blends can be observed to be 
independent of their preparation method. This could be because the active 
PEO-PO concentration selected for evaluation is near to the phase inversion 
concentration whereby the level of phase continuity of PEO-PO is at 
maximum [47].  From Figure 6.10, the addition of plasticised PEO-PO can be 
observed to reduce the volume resistance of the PS by about a decade to 
within the optimal range of ≥ 1.0x105 to < 1.0x108 Ω for ESD applications as 
compared with the addition of un-plasticised PEO-PO. The volume resistance 
of the un-plasticised SAN/PEO-PO blends remained almost unchanged but 
seemed to reduce closer to the optimal volume resistance in the plasticised 
SAN/PEO-PO blends. This indicates that the electrical resistance of the 
plasticised styrenic/PEO-PO blends are more matrix dependent than the un-
plasticised styrenic/PEO-PO blends. As shown earlier that the volume 
resistance of the PEO-PO decreased by about a decade by addition of PEG,  
this is in good agreement with the reduction in the volume resistance 
observed in plasticised PS/PEO-PO blend as compared to un-plasticised 
PS/PEO-PO blend but not for the case of plasticised SAN/PEO-PO blend. 
This could possibly due to the diffusion of the PEG plasticiser from the 
plasticised PEO-PO phase into the polar SAN matrix. 
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Figure 6.10 Electrical properties with expected optimal range (in blue 
shaded area) of un-plasticised and plasticised styrenic/PEO-PO blends 
(at 25wt% active PEO-PO) prepared by direct injection moulding (inj) and 
compounding (cpd). 
 
The samples used for determining the electrical resistances were prepared by 
injection moulding. During the injection moulding process, the hot polymer 
melt will orientate in the flow direction, come in contact with the cold mould 
wall and automatically freeze creating a skin layer on the surface of the 
mould. The low thermal conductivity of the polymer at the skin layer will create 
an insulation barrier which can lead to a slower cooling rate of the inner core 
material [144]. This will provide more time for the molecular chains to relax in 
the amorphous polymer or the crystals to grow in the semi-crystalline polymer, 
resulting in a skin-core structure which lead to a concentration gradient in the 
injection moulded samples [46].  
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Figure 6.11 FTIR analyses of un-plasticised and plasticised PS/PEO-PO 
blends.  
 
 
Fourier-Transform Infrared spectroscopy (FTIR) was employed to compare 
the ratio of styrenic matrix to PEO-PO in the skin and the core regions of un-
plasticised and plasticised styrenic/PEO-PO blends as shown in Figure 6.11 
and 6.12.  
 
In the FTIR analysis, the characteristic absorption peaks at around 1105cm-1 
[120] for PEO-PO and 758cm-1 [119] for PS and SAN were qualitatively 
compared at the skin and the core regions of the samples for the individual 
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un-plasticised and plasticised PS/PEO-PO blends prepared by direct injection 
moulding and compounding. It can be observed from Figure 6.11 that the ratio 
of the absorption peak at 758cm-1 to absorption peak at 1107cm-1 was in all 
cases higher in the skin region than the core region indicating a higher 
concentration of PS in the skin region. Similarly in the un-plasticised and 
plasticised SAN/PEO-PO blends as shown in Figure 6.12, the intensity of the 
characteristic absorption peak at 758cm-1 was relatively higher than the peak 
at 1107cm-1 in the skin region as compared to the core region, also 
suggesting a higher concentration of SAN in the skin region.  
 
The measurement of electrical resistances is claimed to be a sensitive 
method in monitoring the phase continuity of a conductive blend 
[60,64,68,82], thus both the surface and volume resistances determined can 
serve as indicators of phase continuity in the skin and the core regions. Since 
there were no significant difference between the surface and the volume 
resistances determined for the individual un-plasticised and plasticised 
styrenic/PEO-PO blends as shown in Figure 6.10, the electrical properties of 
the blends were unaffected by the skin-core structures. 
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Figure 6.12 FTIR analyses of un-plasticised and plasticised SAN/PEO-PO 
blends.  
 
6.5.2 Blends miscibility of un-plasticised and plasticised styrenic/ 
PEO-PO blends 
Figure 6.13 presents the representative DSC cooling and heating traces of 
un-plasticised PS/PEO-PO blends prepared by direct injection moulding and 
compounding. The crystallisation and melting behaviour of the PEO-PO in the 
blends remained qualitatively unchanged as compared to the neat PEO-PO 
and was unaffected by processing. The vitrification and the Tg of PS can be 
observed to overlap with the crystallisation and the melting of PO segment 
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respectively. The Tg of the PS marrix in the PS/PEO-PO blend increased with 
the addition of PEO-PO and was relatively higher in the blend prepared by 
compounding as compared to direct injection moulding. The dispersed PEO-
PO particles could act as filler and interact with the PS matrix to increase the 
Tg of the PS matrix. The compounding process can improve the distributive 
mixing between the dispersed PEO-PO phases and the PS matrix to produce 
a more homogenous dispersion of PEO-PO phases. This could result in 
higher level of interaction between the PS and the PEO-PO and increased the 
Tg of PS matrix [82].  
 
 
Figure 6.13 DSC traces of un-plasticised PS/PEO-PO blends prepared by 
direct injection moulding (inj) and compounding (cpd): (a) cooling, (b) 
re-heating. 
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Figure 6.14 DSC traces of plasticised PS/PEO-PO blends prepared by 
direct injection moulding (inj) and compounding (cpd): (a) cooling, (b) 
re-heating. 
 
The representative DSC cooling and heating traces of plasticised PS/PEO-PO 
blends prepared by direct injection moulding and compounding are shown in 
Figure 6.14. It can be observed from Figure 6.14a that the crystallisation of 
the PO segment in the blends occurs in the solidified PS unlike in the un-
plasticised PS/PEO-PO which the crystallisation of the PO segment coincides 
with the vitrification of the PS matrix. The solidified PS matrix could act as 
thermal insulator and shift the crystallisation temperature (Tc) of the PO 
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segment higher at slower cooling rate. The higher Tc of the PO segment 
observed in the compounded blend compare with the injection moulded blend 
could be due the presence of finer IDP dispersion by compounding.  The Tg of 
the PS matrix in the plasticised PS/PEO-PO blends was relatively unaffected 
by the processing methods. 
  
 
Figure 6.15 DSC traces of un-plasticised SAN/PEO-PO blends prepared 
by direct injection moulding (inj) and compounding (cpd): (a) cooling, 
(b) re-heating. 
 
Figure 6.15 presents the representative DSC cooling and heating traces of 
un-plasticised SAN/PEO-PO blends prepared by direct injection moulding and 
compounding. The additional small exotherms observed at around 40oC and 
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60oC in both blends is likely to be due to fractionated crystallisation. Apart 
from this, the crystallisation and melting behaviour of the PEO-PO and Tg of 
SAN in the blends remained qualitatively unchanged and was unaffected by 
processing. The vitrification and the Tg of the SAN in the blends can be 
observed to overlap with the crystallisation and melting of the PO segments 
respectively. 
 
 
Figure 6.16 DSC traces of plasticised SAN/PEO-PO blends prepared by 
direct injection moulding (inj) and compounding (cpd): (a) cooling, (b) 
re-heating. 
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Representative DSC cooling and heating traces of plasticised SAN/PEO-PO 
blends prepared by direct injection moulding and compounding are shown in 
Figure 6.16. Again, the additional small exotherms observed in the blends are 
likely to be due to fractionated crystallisation. The crystallisation peaks of the 
PO segments were observed to increase significantly in the plasticised 
SAN/PEO-PO blends and this corresponds to the significant decreased in the 
Tg of the SAN. This can possibly due to the diffusion of the PEG plasticiser 
from the PEO-PO to the SAN matrix. It can be observed from Figure 6.16a 
that the compounded plasticised SAN/PEO-PO blend exhibited higher shift in 
the crystallisation peak of the PO segment. Similarly, the more intensive 
compounding process compared with direct injection moulding seemed to 
increase the amount of PEG diffusion. The melting behaviour of the PEO-PO 
in the blends remained qualitatively unchanged and was unaffected by 
processing method. 
 
The thermal properties of the un-plasticised and plasticised styrenic/PEO-PO 
blends are summarised in Table 6.3. In the un-plasticised styrenic/PEO-PO 
blends, the degree of crystallinity of the PEO segments as indicated by 
normalised ∆Hf was observed to be lower than the neat PEO-PO. The rate of 
crystallisation of the PEO segments as indicated by ∆Tc was significantly 
retarded compared to the neat PEO-PO. Since the crystallisation of the PEO 
segment occurs when the PS or SAN was solidified, this could possibly 
change its crystallisation behaviour. The thermal properties of the un-
plasticised styrenic/PEO-PO blends were not affected by processing. 
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The inclusion of PEG plasticiser can be observed to affect the thermal 
properties of the plasticised PS/PEO-PO and SAN/PEO-PO blends differently. 
In the plasticised PS/PEO-PO blends, the degree of crystallinity of the PEO 
segments as indicated by normalised ∆Hf was determined to be higher than 
the neat plasticised PEO-PO and was affected by processing. The more polar 
plasticised PEO-PO would be less compatible with the non-polar PS matrix as 
compared with the un-plasticised PEO-PO. This can possibly increase the 
size of the dispersed PEO-PO phase in the plasticised PS/PEO-PO blends 
and enhance the crystal growth in a larger confined volume. The vitrification of 
the PS matrix at higher temperature than the PEO segments would act as a 
thermal insulator reducing the cooling rate of the PEO segments. This can 
further encourage the crystal growth. Since the compounding process would 
improve the dispersion of the PEO-PO phase, this can explain a lower degree 
of crystallinity of PEO segment in the compounded blend. In the plasticised 
SAN/PEO-PO blends, the lower degree of crystallinity of the PEO segments 
observed as compared to the neat plasticised PEO-PO could possibly be due 
to the better compatibility between the polar SAN and PEO-PO. Both the 
retardation and the increased in the rate of crystallisation of the PEO and PO 
segments respectively in the plasticised styrenic/PEO-PO blends could be 
due to the vitrification of the styrenic matrices at higher temperature than the 
plasticised PEO-PO as shown in Figure 6.14 and 6.16.  
 
6.5.3 Morphological and mechanical properties of un-plasticised and 
plasticised styrenic/PEO-PO blends 
Figure 6.14 shows the optical micrographs of un-plasticised and plasticised 
PS/PEO-PO blends under transmitted and polarised light. The polarised light 
was used to observe the spherultic structure of the crystalline PEO-PO which 
would appear as bright specks as indicated by arrows in Figure 6.17b. In the 
directly injection moulded un-plasticised blend, the dispersed IDP phases was 
observed to appear as droplet form suggesting poor miscibility. On the other 
hand, in the plasticised blend prepared by direct injection moulding, the 
dispersed IDP phases exhibited in the form of elongated and streaks 
indicating better miscibility than the un-plasticised blend. It can be observed 
that compounding produced a more homogeneous un-plasticised and 
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plasticised PS/PEO-PO blends and the size of the dispersed PEO-PO phases 
was more uniform as compared to the blends prepared by direct injection 
moulding.  
 
 
Figure 6.17 Optical micrographs (400X Magnification) of un-plasticised 
and plasticised PS/PEO-PO blends: (a) transmitted light; (b) polarised 
light. All the above PS blends evaluated contain 25wt% PEO-PO. 
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The SEM micrographs of fractured surfaces of un-plasticised and plasticised 
PS/PEO-PO blends are shown in Figure 6.18. The boundaries between the 
phases of the PS matrix and the PEO-PO of the compounded un-plasticised 
blend was observed to be less defined as compared to the blends prepared 
by direct injection moulding due to the more homogeneous dispersion of 
PEO-PO phases in the PS matrix produced by compounding. The morphology 
appeared to be finer in the plasticised blends compare to the un-plasticised 
blends. The fracture surface of the compounded un-plasticised blend 
appeared to be more ductile as compare with the directly injection moulded 
un-plasticised blend and the plasticised blends.  
 
 
Figure 6.18 SEM micrographs of un-plasticised and plasticised PS/PEO-
PO blends. All the above PS blends evaluated contain 25wt% PEO-PO. 
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Figure 6.19 Optical micrographs (400X Magnification) of un-plasticised 
and plasticised SAN/PEO-PO blends: (a) transmitted light; (b) polarised 
light. All the above SAN blends evaluated contain 25wt% PEO-PO. 
 
The optical micrographs of un-plasticised and plasticised SAN/PEO-PO 
blends under transmitted and polarised light are shown in Figure 6.19. The 
bright specks indicated by arrows in Figure 6.19b are the crystalline PEO-PO. 
In the un-plasticised SAN/PEO-PO blends, the particles of PEO-PO of the 
compounded blend compared with the directly injection moulded blend 
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appeared to be more homogeneously distributed and finer due to the better 
dispersion of PEO-PO produced by compounding process. In the plasticised 
SAN/PEO-PO blends, the dispersion of PEO-PO was homogeneously 
distributed and unaffected by processing method. However, it appeared 
coarser than the compounded un-plasticised SAN/PEO-PO blend.  This can 
be due to the plasticisation of the SAN matrix by the diffusion of the PEG from 
the plasticised PEO-PO. The stronger interaction between the acrylonitrile of 
the SAN and the PEG plasticiser could hinder the interaction between the 
acrylonitrile of the SAN and the PEO segment of PEO-PO and thus reduced 
the miscibility of the blend.  
  
 
Figure 6.20 SEM micrographs of un-plasticised and plasticised SAN 
/PEO-PO blends. All the above SAN blends evaluated contain 25wt% 
PEO-PO. 
 
The SEM micrographs of fractured surfaces of un-plasticised and plasticised 
SAN/PEO-PO blends are shown in Figure 6.20. There were no distinct 
boundaries observed differentiating the presence dispersed IDP phases and 
the SAN matrix for both un-plasticised and plasticised SAN/PEO-PO blends. 
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The fracture surface of the compounded un-plasticised blend and the 
plasticised blend exhibit somewhat similar less ductile morphology compared 
to the directly injection moulded un-plasticised blend.  
 
The mechanical properties of the un-plasticised and plasticised styrenic/PEO-
PO blends are summarised in Appendix F and the representative stress-strain 
curves of these blends are presented in Appendix C9 and C10. The tensile 
properties (strength and elongation) and the reversed notch impact energy of 
the blends are normalised to 100% based on data of neat PS and SAN as 
shown in Figure 6.21.  
 
 
 
Figure 6.21 Mechanical properties of un-plasticised and plasticised 
styrenic/PEO-PO blends normalised to respective neat matrix polymer 
values. 
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The tensile strength of the plasticised styrenic/PEO-PO blends was observed 
to be lower than the un-plasticised styrenic/PEO-PO blends due to the 
presence of much weaker plasticised PEO-PO phase than the un-plasticised 
PEO-PO phase.  
 
The tensile elongation at break of the plasticised PS/PEO-PO blends was 
observed to reduce significantly by almost half but remained unchanged in the 
un-plasticised blends suggesting the incompatibility of the blends with addition 
of PEG which could possibly due to the increase in polarity of the plasticised 
PEO-PO. The toughness of the plasticised PS/PEO-PO blends as indicated 
by the reversed notch impact was greatly reduced in the presence of PEG. On 
the other hand, the toughness of the un-plasticised PS/PEO-PO blends was 
observed to increase and the preparation of PS/PEO-PO blend by 
compounding further improved the blend’s toughness. This can be due to the 
better dispersion of PEO-PO phases in the PS matrix as indicated by the 
morphology in Figure 6.18.  
 
It can be observed from Figure 6.21 that the un-plasticised SAN/PEO-PO 
blends prepared by compounding exhibited lower toughness compared with 
directly injection moulded blends. This could indicate that the size of the 
dispersed PEO-PO phases play an important role in the toughening 
mechanism of the blend. The result corresponds to the reduction in the tensile 
elongation at break indicting poorer adhesion between the dispersed PEO-PO 
phases and the SAN matrix and correlates well with the less ductile 
morphology observed in Figure 6.21. In the plasticised SAN/PEO-PO blends, 
the mechanical properties were unaffected by the processing method. 
However the presence of PEG significantly reduced the toughness of the 
blends. The decrease in the tensile strength at break observed could be due 
to the plasticisation of SAN matrix by the diffusion of PEG plasticiser. 
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6.5.4 Influence of compatibiliser on the properties of plasticised 
PS/PEO-PO blends 
 
It was shown that the addition of PEG improved the electrical resistance of the 
plasticised PS/PEO-PO blend to within the optimal range for ESD 
applications. However the addition of PEG plasticiser has a detrimental effect 
on the mechanical strength of plasticised PS/PEO-PO blends. In this section, 
SEBS block copolymer was used as compatibiliser to study its influence on 
the electrical and mechanical properties when added into a plasticised 
PS/PEO-PO blend.  
 
Visual assessment was performed on the moulded plaques of both the un-
compatibilised and compatibilised PS/plasticised PEO-PO blends as shown in 
Figure 6.22. Peeling of the skin surface is observed for the un-compatibilised 
blend as indicated by arrow. This serves as an indication of limited 
compatibility between the PS matrix and the plasticised PEO-PO.  
 
 
Figure 6.22 Moulded plaques of un-compatibilised and compatibilised 
PS/plasticised PEO-PO blends. 
 
The dispersion quality of the un-compatibilised and the compatibilised blends 
are presented in Figure 6.23. The bright specks indicated by arrows in Figure 
6.23b are the crystalline PEO-PO. It can be observed that the dispersed PEO-
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PO phases were uniformly distributed in the compatibilised blend, similar to 
the phenomenon observed in the compounded PS/PEO-PO blends. This can 
be due to the reduction in the interfacial tension between the PS matrix and 
the plasticised PEO-PO by the addition of SEBS block copolymer which would 
facilitate finer dispersion [39].  
 
 
Figure 6.23 Optical micrographs (400X Magnification) of un-
compatibilised and compatibilised PS/plasticised PEO-PO blends: (a) 
transmitted light; (b) polarised light. All the above PS blends evaluated 
contain 25wt% PEO-PO. 
 
Table 6.4 summaries the electrical and mechanical properties of the un-
compatibilised and compatibilised PS/plasticised PEO-PO blends. It can be 
observed that the addition of SEBS block copolymer did not affect the 
electrical properties of the PS/plasticised PEO-PO blend. However the 
significant improvement in the toughness as indicated by the reversed notch 
Izod impact energy and the increase in the tensile elongation at break suggest 
the compatibilisation of the blend by SEBS. 
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Table 6.4 Electrical and mechanical properties of un-compatibilised and 
compatibilised PS/plasticised PEO-PO blends 
 
*Compatibilised blend 
Values in parentheses represent standard deviations 
 
6.6 Conclusions 
PEO-PO/PEGs blends 
The change in the volume resistance of PEO-PO by addition of varying molar 
mass PEGs was due to their interaction with the PEO segment which is 
responsible for ion conduction. The volume resistance of the PEO-PO can be 
reduced by decreasing the proportion of crystalline region or increasing the 
free volume or amorphous region of the PEO segment.  
 
The addition of the low molar mass PEG increased the degree of crystallinity 
of the PEO segments. This could possibly due to the increase in the chain 
mobility of the PEO segments by the presence of PEG which increased the 
rate of diffusion of the chains to the growing crystals and the degree of 
crystallinity of the PEO segments. However the volume resistance of the 
PEO-PO was reduced by about a decade with addition of 20wt% PEG. This 
suggests that the PEG is miscible with the PEO segment which can increase 
the free volume of amorphous region of the PEO segment and improve the 
mobility of ions for conductivity.  
 
The degree of crystallinity of the PEO segment was unaffected by the 
incorporation of the medium molar mass PEG but the volume resistance of 
the PEO-PO increased by the addition of the insulative PEG which acted as 
diluent.   
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The addition of high molar mass PEG decreased the volume resistance of the 
PEO-PO initially at 10wt% but remained almost unchanged at 20wt% PEG 
concentration. This could be due to the reduction in the degree of crystallinity 
of the PEO segment at 10wt% PEG concentration. At 20wt% PEG 
concentration, the degree of crystallinity of the PEO segment remained 
unchanged suggesting that the PEG acted as diluent at the higher PEG 
concentration. 
 
The addition of PEGs affected the morphological properties of the PEO-PO as 
indicated by the different spherultic structures observed from the optical 
micrographs. 
 
Blends of modified IDP with PS and SAN 
The volume resistance of plasticised PS/PEO-PO blend was a decade lower 
than the un-plasticised PS/PEO-PO blend. But the volume resistance of un-
plasticised and plasticised SAN/PEO-PO blends remained unchanged. It is 
believed that the diffusion of PEG plasticiser from PEO-PO to SAN rendered 
the ineffectiveness of PEG as plasticiser. 
 
The electrical properties of the styrenic/PEO-PO blends were unaffected by 
their preparation methods and by the presence of a styrenic resin rich skin 
region as shown by the volume and surface resistance measurements.  
 
The styrenic/PEO-PO blends prepared by compounding compare with direct 
injection moulding produced a more uniform PEO-PO dispersion as seen from 
the morphology of the blends due to a better distributive mixing between the 
dispersed PEO-PO phases and the styrenic matrix. The toughness of the un-
plasticised PS/PEO-PO blend was improved but was reduced in the un-
plasticised SAN/PEO-PO blend suggesting the size of the PEO-PO phases is 
critical in the toughening of the blends.   
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The incorporation of PEG in the plasticised styrenic/PEO-PO blends has 
detrimental effect on the mechanical properties. The toughness of the blends 
compared with the un-plasticised blends was significantly lower. The more 
polar plasticised PEO-PO was less compatibile with the PS matrix as 
indicated by the coarser dispersion and the lower tensile elongation at break. 
In the plasticised SAN/PEO-PO blends, the reduction in the toughness and 
tensile strength were due to the plasticisation of SAN by the diffused PEG.   
 
The use of SEBS block copolymer as compatibiliser improved the distribution 
of the dispersed PEO-PO phases in the blend prepared by direction injection 
moulding similar to that of compounded PS/PEO-PO blends. It enhanced the 
compatibility between the plasticised PEO-PO and the PS as indicated by the 
increase in the tensile elongation at break, and improved the toughness of the 
blend. Most importantly, the electrical properties of the blends were 
unaffected by the addition of compatibiliser. 
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CHAPTER 7: GENERAL DISCUSSION  
 
The present research consists of two main stages. The first stage of work in 
Chapters 4 and 5 involved the blending of 2 types of polymeric conductive 
additives: inherently conductive polymer (ICP) based on melt-processable 
polyaniline (PANI), and inherently dissipative polymer (IDP) based on 
polyether-olefin block copolymer (PEO-PO) with 4 types of styrenic 
thermoplastics: polystyrene (PS), styrene-butadiene copolymer (SB), styrene-
acrylonitrile (SAN), and acrylonitrile-butadiene-styrene terpolymer (ABS). The 
concentrations of polymeric conductive additives used for blending are 2.5, 5, 
7.5, 15, 25, and 35 wt%.  
 
The second stage of work in Chapter 6 involved the blending of PEO-PO with 
polyethylene glycol (PEG) in an attempt to improve its volume resistance. The 
modified PEO-PO having the lowest volume resistance was subsequently 
blended with PS and SAN. The influence of processing methods by direct 
injection moulding and compounding, and the addition of styrene/ethylene-
butylene/styrene (SEBS) block copolymer as compatibiliser on the electrical 
and mechanical properties of the blends were studied. 
 
The 2 types of polymeric conductive additives evaluated: ICP and IDP can be 
differentiated by their electrical conductivity mechanism. In ICP, the electrical 
conductivity mechanism is by electronic conduction whereby the charge 
transport along the polymer backbone (intrachain transport) or “hop” from one 
chain to another (interchain transport) [19]. It is known that the ordered 
packing in the crystalline regions of ICP would reduce the energy for 
interchain charge transport and increase the conductivity [20]. The PANI 
selected in this study was based on PANIPOLTM technology [85-86,116] 
whereby the presence of zinc dodecylbenzenesulphonate (Zn(DBS)2) 
facilitated the formation of ordered structure which improved the conductivity 
[59,84]. In IDP, the electrical conductivity mechanism is by ionic conduction 
whereby the conduction of ions is either induced by polymer segmental 
motion or by thermal activation [24-25]. Reducing the amount of crystalline 
region or increasing the free volume of the amorphous region would improve 
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the segmental motion of the polymer chain and mobility of ions for 
conductivity [24]. On the other hand, the IDP selected in this study was based 
on polyether-olefin copolymer whereby the polyether segment (PEO) is 
responsible for ion conduction while the polyolefin segment (PO) serves as 
mechanical support [23].  
 
The 4 types of styrenic thermoplastics selected for blending: PS, SB, SAN, 
and ABS can be differentiated by their polarity and toughness. The toughness 
of the polymer can be classified in term of brittle or ductile fracture [114]. The 
existence of butadiene rubber block in the SB and ABS improved the 
toughness of the polymers significantly as compared to PS and SAN 
respectively. This can be demonstrated by their notched and reversed notch 
Izod impact energy. Table 7.1 summaries the classification of the 4 types of 
styrenic thermoplastics 
 
Table 7.1 Classification of styrenic thermoplastics 
 Non-Polar Polar 
Brittle fracture PS SAN 
Ductile fracture SB ABS 
 
It has been shown in Chapter 4 and Chapter 5 of this thesis that the electrical 
conductivity of the styrenic/PANI and the styrenic/PEO-PO blends was found 
to be dependent of the matrix polymers. Blends with non-polar PS and SB 
compared with polar SAN and ABS were better in the formation of conductive 
network as indicated from their percolation plots in Figures 4.11 and 5.4. In 
order to compare the two types of polymeric conductive additives (PANI and 
PEO-PO) used for the preparation of the conductive blends, the percolation 
plots of individual matrix polymer are presented in Figure 7.1.  
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Figure 7.1 Percolation plots of styrenic conductive blends. The shaded 
regions represent the optimal volume resistance range of ≥ 1.0x105 to < 
1.0x108 Ω. 
 
It can be observed from Figure 7.1 that the styrenic/PANI blends are more 
matrix dependent than the styrenic/IDP blends. Both types of polymeric 
conductive additives exhibit trends of gradual reduction in volume resistance 
with respect to additive concentration except for the SAN/PANI blends. These 
were unlike the steep insulative-conductive transition over a narrow range of 
filler concentration commonly experienced with addition of conductive carbon 
black [12,31]. The concentration needed for PANI to render the non-polar PS 
and SB conductive is lower than the PEO-PO. On the other hand, lower PEO-
PO concentration than PANI was needed to render the polar SAN and ABS 
conductive. 
 
The addition of PANI was effective in achieving the optimal volume resistance 
in the non-polar PS and SB matrices. However, the formation of conductive 
PANI network in the polar SAN and ABS matrix was affected by the degree of 
diffusion of Zn(DBS)2 plasticiser from the PANI to the matrix polymers due to 
the presence of acrylonitrile in SAN and ABS. The loss of plasticiser from 
PANI would change the molecular conformation of the PANI chain from a 
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“expanded coil” to a “compact coil” [75,84] and thus disrupting the formation 
of conductive network in SAN and ABS matrices. In the styrenic/PEO-PO 
blends, none of the blends was able to achieve the optimal volume resistance. 
This is believed to be due to the inherently higher volume resistance (two 
decades) of the PEO-PO compare to PANI. Since the PEO segment of the 
IDP is responsible for ionic conduction, the higher interaction between the 
PEO segment and the acrylonitrile of glassy SAN and ABS as indicated by the 
relatively larger shift in the melting temperatures of the PEO segment could 
possibly reduce the segmental motion of the PEO chain and movement of 
ions for conductivity.    
  
The performance of PANI and PEO-PO can be assessed by its ability to 
achieve the optimal volume resistance in the styrenic conductive blends, while 
maintaining the mechanical properties of the neat matrix polymers. In order to 
evaluate the effectiveness of the PANI and PEO-PO, the normalised 
mechanical properties of the styrenic/PANI and the styrenic/IDP at specific 
concentration were plotted for individual matrix polymer as shown in Figure 
7.2. The selection of the PS/PANI, SB/PANI, and the ABS/PANI was based 
on the minimum concentration of PANI at 7.5wt%, 15wt%, and 25wt% 
respectively, needed to achieve the optimal volume resistance. For SAN/PANI 
blend which remained insulative throughout the entire range of PANI 
concentration, the blend with the highest PANI concentration at 35wt% was 
chosen. Although none of the styrenic/IDP blends evaluated was able to 
achieve the optimal volume resistance, the selection of the blends was based 
on 25wt% IDP concentration whereby the percolation plots started to plateau.   
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Figure 7.2 Normalised mechanical properties of styrenic conductive 
blends. The values in the parentheses are the concentration of the PANI 
or PEO-PO.  
 
The tensile strength of the styrenic/PANI and the styrenic/IDP blends were 
reduced by half except for the PS/PANI blend which reduced by less than 
25% with respect to the neat styrenic matrices (shaded region) as shown in 
Figure 7.2. This could be due to limited compatibility between the matrix 
polymers and the PANI or IDP phase or be influenced by the PANI or the 
presence of inherently weaker PANI or IDP phases. Thus it is necessary to 
achieve the optimal volume resistance at low concentration of PANI or IDP in 
order to minimise the reduction of tensile strength in the conductive blend.  
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The unmodified PEO-PO compare with PANI was observed to more 
compatible with wider spectrum of styrenic matrices as indicated by the 
tensile elongation at break. The styrenic/IDP blends can be observed to be 
tougher than the styrenic/PANI blends as evidenced by the higher Izod impact 
energy. Significant reduction in the toughness of ABS matrix by addition of 
PANI or IDP could be due to the presence of larger dispersed PANI or IDP 
phases which can cause disruption to the toughening mechanism of the 
rubber phase in ABS matrix.   
 
The combination of the high test rate Izod impact energy (notched and 
reversed notch) and the low test rate tensile elongation at break has proven to 
be useful for evaluating the degree of compatibilisation between the blend 
components [108-111] and toughness of the blends [113-115]. 
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CHAPTER 8: CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK  
 
Electrically conductive styrenic thermoplastics compounds are widely used as 
electrostatic dissipative materials in electronic packaging applications during 
manufacturing, assembly, storage and shipping of electronic components, for 
protection against electro-static discharge (ESD). The best known method is 
by incorporation of conductive fillers. However, the main limitation is the 
difficulty in controlling the conductivity level due to the steep percolation 
curve.  
 
In this research, polymeric conductive additives which allow the easy 
adjustment of the conductivity level are employed to render the insulative 
styrenic thermoplastics electrically conductive. The following conclusions can 
be drawn from this study:   
 
1. Blends of styrenic thermoplastics with the two types of polymeric 
conductive additives often exhibit trends of gradual reduction in volume 
resistance with respect to additive concentration, unlike the steep 
insulative-conductive transition over a narrow range of filler 
concentration commonly experienced with addition of conductive 
carbon black. 
  
2. Blending of non-polar polystyrene and styrene-butadiene copolymer 
with melt processable polyaniline (PANI) was effective in achieving the 
optimal volume resistance range of ≥ 1.0x105 to < 1.0x108 Ω for ESD 
application at 7.5wt% and 15wt% respectively. On the other hand, the 
inherently dissipative polymer (IDP) which has a volume resistance of 
about two decades higher than PANI was not efficient in achieving the 
optimal volume resistance for all styrenic thermoplastics, even at an 
IDP concentration of 35wt%.   
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3. In the blends of PANI with the polar styrene-acrylonitrile copolymer 
(SAN) and acrylonitrile-butadiene-styrene terpolymer (ABS), the 
presence of the acrylonitrile in SAN and ABS caused the diffusion of 
the zinc dodecylbenzenesulphonate (Zn(DBS)2) plasticiser from the 
PANI into the matrix polymers. This resulted in the need for a higher 
PANI concentration of 25wt% in order to achieve the optimal volume 
resistance for the ABS/PANI blend. The SAN/PANI blends remained 
insulative throughout the entire range of PANI concentrations. 
 
4. It is believed that the strong interaction between the PEO segment of 
IDP and the polar SAN and ABS improved the dispersion of IDP in the 
matrix polymers and reduced the level of segregation require for 
formation of conductive network. 
 
5. It was observed that reversed notch Izod impact energy is more 
sensitive in differentiating the toughness of brittle blends while the 
tensile elongation at break and the notched Izod impact energy are 
more sensitive for ductile blends. 
 
6. Drastic transformation of morphology was observed in the SB/PANI 
blend at 15wt% PANI with the formation of co-continuous network 
structure. This network like structure greatly improved the toughness of 
the blend, and the volume resistance was within the optimal range for 
ESD applications. 
 
7. The toughening mechanism of the styrenic/IDP blends tends to be 
affected by the size of dispersed IDP particles and the type of matrix 
polymers. As evidenced from the Izod impact energy, the presence of 
larger dispersed IDP particles in the brittle PS and SAN matrices 
improved the toughness of the blends. On the other hand, in the ductile 
SB and ABS, the presence of larger dispersed IDP particles reduced 
the toughness of the blends.  
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8. The volume resistance of the IDP was observed to be reduced both by 
the addition of low molar mass polyethylene glycol (PEG) which is in 
liquid form at room temperature of 23oC and by high molar mass PEG 
that has molecular chains long enough to be coiled and entangled. It is 
believed that the addition of low or high molar mass PEGs increased 
the mobility of ions for conductivity by increasing the free volume of the 
amorphous phase or reducing the proportion of the crystalline phase of 
the PEO segment of IDP respectively. The effectiveness of PEG to 
improve the IDP’s electrical conductivity depends on its ability to 
solubilise the PEO segment of IDP.  
 
9. Blending of PS with modified IDP which contains 20wt% low molar 
mass PEG, at 25wt% active IDP reduced the volume resistance of the 
blend by about a decade to within the optimal range for ESD 
applications. On the other hand, the volume resistance of the 
SAN/modified IDP blend was relatively unchanged at the same active 
IDP level. This was due to the diffusion of PEG from the modified IDP 
to the SAN matrix. 
 
10. Fine dispersion of IDP phases in styrenic/IDP blends were achieved 
through compounding which improved the toughness of un-plasticised 
PS/IDP blends. 
 
11. The use of a styrene/ethylene-butylene/styrene (SEBS) block 
copolymer pre-compounded with IDP and PEG significantly improved 
the distributive mixing of dispersed IDP phases in the PS matrix 
produced via direct injection moulding. SEBS block copolymer was 
observed to improve the compatibility and toughness of the blend 
without significant influence on the volume resistance of the blends.  
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Suggestions for future work 
The present study has shown that conductive styrenic/IDP blends can 
potentially be prepared by direct injection moulding approach unlike the 
conventional styrenic/carbon black conductive compounds which require 
intensive compounding for optimum electrical and mechanical properties 
before moulding. However, short residence time of the conductive blends in 
the barrel of an injection moulding machine could potentially result in 
inadequate melt mixing of the blends. Apart from inconsistency in electrical 
conductivity, poor distributive mixing of the blends could also lead to 
mechanical failure of the moulded parts. Improvements in flow properties of 
the IDP by the addition of a lubricating wax could result in improved melt 
mixing of the blends. Polar ionomer wax based on low molecular weight 
ethylene-acrylic acid copolymers is expected to have good compatibility with 
IDP while the presence of ionic species may help in improving the conductivity 
of the blends. As the conductivity of blends are dependent on their 
morphological properties which are in turn  affected by the rheological 
behaviour of the individual blend components, it will be beneficial to evaluate 
the effectiveness of blending through the investigation of the viscosity ratio of 
the blends.  
 
In order to minimise the migration of PEG plasticiser into polar matrix 
polymers like SAN and ABS, it is suggested to study the feasibility of blending 
the IDP with a maleated polypropylene which has good miscibility with the PO 
segment of the IDP while having maleic anhydride functionality that provides 
reactive sites for anchoring the PEG through reaction with the hydroxyl group 
of the PEG. For further enhancement in conductivity of the blends, it is 
suggested to dope the low molar mass PEG with a lithium salt such as lithium 
trifluoromethane sulphonate (LiCF3SO3) to increase the number of carrier ions 
in the mixture that could improve the ionic conductivity of the PEG. 
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Appendix A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FTIR spectrum of ABS [Terluran GP-35 from BASF] and a reference ethylene 
bis-stearamide (EBS) wax [Alflow H-50 F from Nippon Oil & Fats Co., Ltd.] 
[116] 
 
 
 
 
 
 
 
 
 
 
224 
 
Appendix B 
 
Determination of percolation threshold concentration using 
the empirical fitting curve 
 
Worked example for PS/PANI blends 
 
Determination of specific gravity of styrenic thermoplastics and PANI based 
on ASTM D792 
 
Materials Specific gravity 
PS 1.04 
SB 1.01 
SAN 1.07 
ABS 1.04 
PANI 1.18 
 
Converting mass fraction and volume resistance to volume fraction and 
conductance respectively 
 
 
 
 
 
 
Mass fraction of 
PANI in PS
Volume 
Resistance (Ω)
0.00 4.1E+12
0.03 3.5E+11
0.05 9.7E+09
0.08 7.8E+07
0.15 3.4E+06
0.25 6.9E+04
0.35 3.1E+04
Volume fraction of 
PANI in PS Conductance (S)
0.00 9.2E-15
0.02 1.2E-13
0.04 5.4E-12
0.07 4.8E-10
0.13 1.2E-08
0.23 5.8E-07
0.32 1.2E-06
225 
 
Appendix B 
 
 
The excel spreadsheet was used to calculate  ⁄ 
 and 1 −
exp−∅. The parameter “a” was determined by iteration until the best 
fitted linear curve was achieved. In this case, the parameter “a” was 
determined as 19 and R2 was 0.99.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Volume Fraction of 
PANI (Φf) Conductance, σ (S) σ / σm Log (σ / σm) Log [Log (σ / σm)] 1 - exp (-aΦ f) Log [1 - exp (-aΦ f)]
0.02 1.2E-13 1.3E+01 1.106 0.044 0.343 -0.465
0.04 5.4E-12 5.9E+02 2.769 0.442 0.569 -0.245
0.07 4.8E-10 5.2E+04 4.719 0.674 0.718 -0.144
0.13 1.2E-08 1.3E+06 6.107 0.786 0.922 -0.035
0.23 5.8E-07 6.3E+07 7.801 0.892 0.987 -0.006
0.32 1.2E-06 1.3E+08 8.130 0.910 0.998 -0.001
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Appendix D 
 
Estimation of the composition of the PO segment of PEO-PO 
by using DSC based on the normalised heat of fusion (∆Hf) 
 
 
 
              				 %
 " 	#∆%&'(	)*+,*-.∆%&-*/.	'' 0	1 100 
 
                                                                  "	345.754.89 	1 100 
  
                                                                   " 	42 
 
 
 
 
 
DSC re-heating traces of a) PEO-PO and b) a reference polypropylene 
random copolymer [Polypro J235T from Prime Polymer Co., Ltd.] 
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Appendix E 
 
Predicting the upper and lower bound of tensile strength of 
binary blends using equivalent box model (EBM) 
 
 
Worked Example for PS/IDP blends 
 
Raw data 
 
 
 
 
The excel spreadsheet was used to determine the parameters shown in 
Equations 5.1 to 5.6.  
 
Parameters used for calculation 
 
 
 
 
 
 
PEO-PO (vol%) Tensile Strength (MPa)
0 43
2.6 42
5.2 40*
7.8 37*
15.5 26
25.7 22
35.9 16
100 11
*strength at yield
Tensile Strength of 
PEO-PO, σ1 (MPa)
11
Tensile Strength of 
PS, σ2 (MPa)
43
Φ1Cr 0.15
Φ2Cr 0.15
1 - Φ1Cr 0.85
1 - Φ2Cr 0.85
T1 2
T2 2
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Appendix E 
 
Calculations (Equations 5.2 to 5.6) 
 
 
 
Calculations (Equation 5.1) 
 
 
 
EBM Plots 
 
 
 
Vol. Frac. of 
PEO-PO, Φ1
Vol. Frac. of PS, 
Φ2
Φ1 - Φ1Cr Φ2 - Φ2Cr Φ1p Φ2p Φ1s Φ2s Φs Φ1pσ1 Φ2pσ2 Φsσ1
0.00 1.00 0.000 0.850 0.000 1.000 0.000 0.000 0.000 0.0 43.0 0.0
0.03 0.97 0.000 0.824 0.000 0.940 0.026 0.034 0.060 0.0 40.4 0.7
0.05 0.95 0.000 0.798 0.000 0.882 0.052 0.066 0.118 0.0 37.9 1.3
0.08 0.92 0.000 0.772 0.000 0.825 0.078 0.097 0.175 0.0 35.5 1.9
0.16 0.84 0.005 0.695 0.000 0.668 0.155 0.177 0.332 0.0 28.7 3.6
0.26 0.74 0.107 0.593 0.016 0.486 0.241 0.257 0.498 0.2 20.9 5.5
0.36 0.64 0.209 0.491 0.060 0.334 0.299 0.307 0.606 0.7 14.3 6.7
1.00 0.00 0.850 0.000 1.000 0.000 0.000 0.000 0.000 11.0 0.0 0.0
Vol. Frac. of 
PEO-PO, Φ1
σb (A=1) σb (A=0) Actual
0.00 43 43 43
0.03 41 40 42
0.05 39 38 40
0.08 37 35 37
0.16 32 29 26
0.26 27 21 22
0.36 22 15 16
1.00 11 11 11
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Appendix F 
 
 
Mechanical properties of un-plasticised and plasticised 
styrenic/PEO-PO blends 
 
 
 
#
 Values taken from Table 5.3 of Chapter 5 
*Values taken from Table 5.7 of Chapter 5  
Values in parentheses represent standard deviations 
 
 
 
 
